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During mammalian development, retinal ganglion cell (RGC) axons experience 
several fiber order rearrangements when navigating in the retinofligal pathway. One 
r 
of them is the axon divergence pattern at the midline of optic chiasm. Here, axons 
from the ventral temporal (VT) retina segregate from the nasal axons, giving rise to 
the partial decussation pattern that is noticeable at as early as embryonic day (E) 14. 
It has been found that chondroitin sulphate (CS) proteoglycans (PGs), a major family 
of extracellular matrix molecules present at the chiasm, are in part responsible for the 
divergence of axons as indicated by their ability to inhibit selectively the VT axons 
but not the dorsal nasal (DN) ones upon contact. The major question asked in this 
thesis is what signal transduction mechanism underlies the inhibitory response of VT 
axons to CSPQ with focus particularly on whether roles are played by the signal 
transduction molecule protein kinase C (PKC). 
The first issue is to determine the presence of PKC in retinal growth cones, 
which are the navigational pioneers of axons. Immimopositive signals of all six PKC 
isoforms tested were found in the growth cones, yet no obvious difference was 
observed between those from DN and VT explants. Within the growth cone, PKC-a 
and s were predominantly expressed in the periphery and in filopodia. PKC-5 also 
i 
appeared to be present in these regions, but at a lower level. On the contrary, PKC-pi 
and pil were localized at the core, pil and y were found at a lower level, with 
PKC-pII showing a punctuate appearance, and PKC-y uniformly distributed. The 
expressions of various PKC isoforms in retinal growth cones suggest the 
participation of this family of molecules, especially the predominant isoforms a, pi 
and s, in the signal transduction pathway of axonal pathfinding. 
The functions of PKC in the inhibitory response of axons to CS are then 
inspected in the retinal explant culture of E14 mouse embryos. PKC levels within 
growth cones were altered to examine whether the selective inhibition of CS to VT 
neurite growth can be changed. DN and VT explants were grown close to a CS spot, 
and PKC activity within growth cones was modulated by either activator or 
inhibitors. In the presence of PKC inhibitors Go6976 and Ro-32-0432, neurites from 
the VT retina were released from the CS-induced inhibition and more neurites were 
noticed to invade the CS rich territory. However, further activation of PKC activity 
by PMA produced no significant difference, as suppression of CS to neurites from 
VT retinal region persisted. It is concluded that PKC, in its activated state, is 
functionally involved in intracellular signaling of the inhibitory response of VT 
neurites to CS. 
Using brain slice preparations, the effects of altering PKC activity on guidance 
of RGC axons at the optic chiasm in the intact retinofugal pathway are investigated 
during the major periods of axon decussation and divergence. At El3，Ro-32-0432 
caused a significant increase in the ratio of axons in the postmidline region than the 
premidline. This trend was also observable in the Go6976 treatment, indicating that 
the degree of axons decussating the midline might be elevated by PKC inhibition. In 
ii 
the reverse condition, the normal trajectories were deviated with the further 
activation of PKC by PMA, where aberrant projections of retinal axons were noted. 
In contrast, PKC modulations generated no obvious disparity in the period of axon 
divergence in El4 and El5 brain slices, which might be due to the simultaneous 
alteration of PKC activity in other cellular components of the pathway. 
In conclusion, multiple intracellular signaling molecules participate in the 
variety of responses given by retinal axons to the different guidance cues present 
along the retinofUgal pathway during axonal navigation. One of these, PKC, has been 
demonstrated in this study of its involvement in the signaling pathway to CSPG, one 
of the key players in the axon divergence pattern at the mouse optic chiasm. 
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CHAPTER 1 GENERAL INTRODUCTION 
CHAPTER 1 
GENERAL INTRODUCTION 
After decades of continuous efforts and investigations, many unsolved questions 
still haunt and hinder our understanding of the central nervous system (CNS). One 
such question is how the neurons generated from a distant location can navigate 
through the many different environments, which are filled with factors bombarding 
their decisions and paths, and eventually reach precisely to their respective targets. 
To study this aspect of axonal growth in the CNS, scientists in the field of 
developmental neurobiology generally adopt two approaches (Bixby, 1989). First is 
to recognize the influential molecules in the surroundings and deduce their 
relationship with the neurons, which include finding their corresponding neuronal 
receptors. Then, investigation is pushed forward to examine the neuronal signal 
transduction mechanism and other intracellular events that are directed by the 
ligand-receptor interactions. The central question addressed in this thesis is to 
determine the signal transduction mechanism that is involved in the interaction of a 
proteoglycan, chondroitin sulphate proteoglycan (CSPG) with its axonal receptors. 
One of the better studied and most frequently used system for the investigation 
of the navigational guidance question is the retinofugal pathway. The retinofugal 
pathway is a path where retinal ganglion cells (RGC) axons, during development, 
leaves the retina at the optic disc, travels through the optic stalk, optic chiasm and 
optic tract, and finally terminates in the subcortical nuclear targets, such as the lateral 
geniculate nucleus in mammals. While this pathway provides a typical demonstration 
of the complex neuronal pathfinding and navigation in the CNS, the accumulated 
knowledge of the retinal axon trajectory and behavior, the fact that the RGCs is the 
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only bunch of neurons that leave the eye and enter the developing brain and their 
easily accessible location all make this pathway the choice of studying axon 
guidance (Mason and Sretavan, 1997; Mann et al., 2004). This model system has 
been widely used in the study of mechanisms that are involved in the formation of 
topographic patterns in the developing CNS, degeneration and regeneration 
mechanisms of neurons in adult CNS (Koeberle and Bahr, 2004)，and in experiments 
such as in vitro culture, in vivo gene transfer, anatomical tracing and transplantation 
(Mann et al., 2004). The retinofugal pathway, with particular focus on the optic 
chiasm, will be the model of investigation. 
THE RETINOFUGAL PATHWAY AND ITS DEVELOPMENT IN MAMMALS 
The retinofugal pathway is the axon routing of RGCs (Guillery et al” 1995), 
where axons project through the optic nerve to the brain. RGCs are nerve cells 
generated in the ventricular zone of the neuroepithelium (Ichijo, 2004) and are 
resided in the innermost nuclear layer of the retina, known as the ganglion cell layer, 
of the eye, the peripheral outpost of the CNS (Mann et al., 2004). 
During development in mammals, RGC axons grow out from the nerve-fiber 
layer of the retina through the optic disc and into the optic nerve (Ichijo, 2004). The 
axons travel along the optic stalk and reach the ventral surface of the diencephalon. 
Retinal axons from both eyes enter the ventral diencephalon simultaneously and meet 
at the midline, forming an X-shaped axonal junction of the optic chiasm (Mason and 
Sretavan, 1997). Optic chiasm is one of the major choice points in the retinofugal 
pathway. Here, some retinal axons decide to cross the chiasm midline and into the 
contralateral optic tract, while others select to stay on the same side to project into 
the ipsilateral tract (Mason and Sretavan, 1997). On the pial surface of the 
diencephalon, the axons move dorsocaudally through the optic tract, ultimately 
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reaching the subcortical visual centers in the dorsal mesencephalon (Ichijo, 2004). 
The majority of retinal axons end in the lateral geniculate nucleus, which serves as a 
processing station of the optic pathway. Visual information conveyed by the retinal 
axons is further relayed to the visual cortex in the occipital lobe via the optic 
radiation. A minority of axons terminates in the superior colliculus and other 
accessory optic nuclei, which participate in the generation and control of visual 
reflexes. 
Divergence of Crossed and Uncrossed Retinal Axons at the Optic Chiasm 
In the development of the retinofUgal pathway, RGC axons from each eye 
intersect in the ventral diencephalon and form the optic chiasm. In the mammalian 
optic chiasm, axons from one eye segregate into two separate pathways, i.e. an 
uncrossed and a crossed pathway. This axon divergence enables visual information to 
be relayed from the retina to targets on both sides of the brain, forming an axonal 
bilateral projection that underlies the basis of normal binocular vision in adult 
mammals (Guillery et al., 1995; Mason and Sretavan, 1997; Chung et al., 2000b). 
The segregation pattern of axons into crossed and uncrossed components 
depends on their retinal origins (Guillery et al., 1995). The fate of a retinal axon at 
the optic chiasm, whether it decussate the chiasm midline or stay on the same side, is 
predetermined by its position in the retina. The retina is divided by a nasotemporal 
division. Region that is medial to this dividing line closer to the nose is known as the 
nasal retina, and that lateral to it is termed as the temporal retina. 
In animals with binocular vision, axons arising from the nasal retina all cross 
the midline to the other side, while many from the ventral temporal region of the 
retina remain uncrossed. Eventually, crossed retinal axons invade the contralateral 
optic tract on the opposite side of the midline, and uncrossed ones project into the 
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ipsilateral tract on the same side (Guillery et al., 1995; Mason and Sretavan, 1997; 
Chung et al., 2000b). In the mouse, the ventral temporal retina is specifically known 
as the temporal crescent (Guillery et al., 1995; Mason and Sretavan, 1997). While 
uncrossed axons are only found within this crescent, axons taking a crossed course 
are found throughout the entire retina, and not limited to the nasal retina (Mason and 
Sretavan, 1997). 
Development at Different Embryonic Ages in the Mouse Embryos 
The developmental process of the retinofiigal pathway, from the formation of 
RGC to the retinal axon invasion of the subcortical nuclei, occupies mainly the 
embryonic days 11 to 17 of mouse prenatal development. For all the retinal axons, 
from the first one to the last, of both eyes to reach the developing brain requires a 
total of eight to ten days (Mason and Sretavan, 1997). The whole course can be 
divided into several distinctive stages, namely the early and the late phase. 
The early phase of development includes the period El l to E14. At El l , RGC 
starts to be generated in the ventricular zone of the neuroepithelium (Sretavan et al., 
1994; Ichijo, 2004). They begin to extend their axons, and by E12 the axons grow 
out of the retina through the optic disc and into the optic stalk, where these few 
individuals group together to form the optic nerve (Bovolenta and Mason, 1987; 
Sretavan et al., 1994). This marks the beginning of the major period of axon 
outgrowth (Bovolenta and Mason, 1987). By El2.5, the first retinal axons arrive and 
enter the developing ventral diencephalon (Sretavan and Reichardt, 1993; Sretavan et 
al., 1994). These early generated axons are derived from RGCs in the dorsal central 
retina, which differ from the later produced crossed and uncrossed components in 
that the chiasmatic paths they take is independent of their retinal position (Guillery et 
al., 1995). Thus, these axons can choose to pass over the midline or remain on the 
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same side. As a result of axon crossing of both eyes across the ventral midline, the 
position of an X-shaped optic chiasm is set up (Sretavan et al., 1994; Mason and 
Sretavan, 1997). 
Still in the earliest stages of visual pathway development, axons from more 
peripheral parts of the retina, i.e. the crossed axons from nasal region and uncrossed 
axons from ventral temporal retina, start to extend into the optic nerve at E13 
(Guillery et al., 1995; Mason and Sretavan, 1997). Up to this point, axonal outgrowth 
has been rapid, but as the later generated axons enter the chiasm at El4, the speed 
slows down (Guillery et al., 1995). Furthermore, while the early crossed axons linger 
in place even after the later derived crossed axons arrive, those that chose to stay on 
the same side are only transient, i.e. they will be replaced by the uncrossed 
projections from the ventral temporal retina (Guillery et al., 1995; Mason and 
Sretavan, 1997). This switch from transient to permanent uncrossed axons occurs 
shortly before El5 (Guillery et al., 1995). 
The late growing phase comprises of the embryonic days El 5 to El 9. By El5, 
the major period of axon outgrowth, which started at El2, ceases (Bovolenta and 
Mason, 1987). It is at this period of El5 to El6 that the adult-like axon divergence 
pattern at the chiasm midline is established, presenting the contralateral and 
ipsilateral projections in the optic tracts (Sretavan et al., 1994; Mason and Sretavan, 
1997). By El7, a distinctive X-shaped optic chiasm is formed by the addition of 
axons intersecting the midline (Sretavan and Reichardt, 1993). As development 
continues to El9, axons from later generated RGCs add increasingly to the 
preexisting axon routings at the optic chiasm (Sretavan and Reichardt, 1993; 
Sretavan et al., 1994). Those that are well into the optic tracts carry on their journey 
to subcortical targets in the dorsal mesencephalon (Ichijo, 2004). 
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Retinal Growth Cones in the Optic Pathway 
To migrate and navigate through the retinofugal pathway, the retinal axons 
depend on a specialized structure at the end of axons. The growth cones, which are 
expanded terminals of the axonal tips, are responsible for neurite extension, axon 
guidance, substrate selection, target recognition and synaptogenesis with the target 
neurons (Bovolenta and Mason, 1987). 
Growth cones are highly motile enlargements at the end of growing axons. They 
sample the surrounding environment by sending out finger-like projections of 
filopodia and palmate-shaped extensions of lamellipodia, which are lengthened by 
actin-filaments (Meyer and Feldman, 2002). The growth cone itself is packed with 
microtubules, mitochondria and vesicles. For the axons to extend, the growth cones 
first send out processes to collect and sample external guidance signals in their 
immediate environment. These signals could be located on other cell surfaces or in 
the extracellular matrix as difiEusible molecules. The direction of growth depends 
primarily on the properties of the environmental cues sensed by the growth cones. If 
it is a chemoattractive cue, the growth cones will move in an ordered and directed 
manner towards it. On the other hand, if the cue is chemorepulsive, the growth cones 
will retract away from it. To grow towards a positive signal, the extension of axons 
within the growth cones involves extensive actin polymerization (Meyer and 
Feldman, 2002) and formation of new membrane. With new membrane addition, 
axons will be pulled to where the growth cone lies, and extension will be achieved. 
The growth cones of retinal axons are very active and often make radical 
changes in their trajectory towards their targets. When retinal axons move along the 
retinofugal pathway, their growth cones morphologies vary continuously at different 
segments of the course. Bovolenta and Mason (1987) demonstrated this in an 
experiment performed within intact mouse embryos, with similar findings later 
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presented by Chan and his coworkers (1998). Inside the optic nerve, where the path 
is well defined, the growth cones show simple appearance, with large and highly 
elongated lamellipodial expansions. Yet, as they reach the optic chiasm, their 
morphologies change dramatically. Not only are they now smaller in size, there is 
also an increase in complexity, with the presence of many short extensions of 
filopodia and a wider growth cone core. More precisely, the highly intricate growth 
cones are not uniformly distributed and are concentrated mainly in two distinct 
locations in the chiasm. Growth cones of the crossed retinal axons that have 
transverse the midline in the postmidline region and those of the uncrossed 
components that have turned in the premidline region are particularly complicated in 
structure. Their simple forms in the optic nerve resume as they enter the optic tracts, 
with the only difference of a reduction in width, making them look slimmer than 
before. When the growth cones arrive at the point where they have to turn and infest 
their subcortical target, the lateral geniculate nucleus, the spiky look at the chiasm 
appears again. This time there are much more filopodia extending out of the growth 
cone core. Finally, the large expansions all through the pathway disappear shortly 
after they enter the target, replaced with only a tiny swelling at the tip of the axons. 
Evidence has shown that shapes of the growth cones reflect their behaviors 
(Bovolenta and Mason, 1987; Chan et al., 1998). During axon navigation, they alter 
in response to environmental signals for neurite extension and directionality. When 
the growth cones are placed in plain, well-defined routes that are easy to follow, their 
shapes tend to be simple, as in the cases when they are in the optic nerve and tracts. 
In contrast, when put in complex situations that require the growth cones to make 
decisions，their shapes display a complicated appearance, typically with an 
elaboration of filopodia. Examples of these difficult choices include whether to cross 
the midline at the optic chiasm, and directional changes like whether to turn into the 
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ipsilateral optic tract or into the subcortical targets (Chan et al., 1998). 
Besides in locations where growing axons change directions, such dramatic 
transformations from simple to more complex forms of growth cones also occur at 
sites in the retinofugal pathway where axons come across multiple novel cellular or 
molecular cues (Guillery et al., 1995), which is clearly exhibited in the optic chiasm 
(Chan et al., 1998). As the retinal growth cones enter the chiasm, they have to pass 
through a region packed with guidepost cells of radial glia and chiasmatic neurons 
(Mason and Sretavan, 1997). These two groups of cells express many chemotropic 
molecules, both contact-mediated and diffiisible forms that provide numerous 
guidance cues. Growth cones at this position must make a decision of whether or not 
to cross the chiasm midline. The filopodia they extend then selectively adhere to the 
guidepost cells which present attractive guidance signals, and in turn direct the 
pathway of axon extension. As local cues can trigger differential growth cone 
responses (Sretavan and Reichardt, 1993), the same chemotropic molecule can be 
attractive to one cohort of axons while repulsive to another. In the end, growth cones 
of RGCs in the nasal retina make the decision to transverse the midline and into the 
contralateral optic tract, while those from the ventral temporal retina steer away and 
project into the ipsilateral tract. However, the mechanism by which growth cones 
detect the guiding factors is not clear, although it is likely to involve specific cell 
surface receptors and signal transduction via second messengers in the cytoplasm of 
growth cones. 
INHIBITORY GUIDANCE CUES IN THE MOUSE OPTIC CHIASM 
In the developing brain, axons grow to their respective targets through cues 
provided by either guidance molecules or modulators via mechanisms that can be 
classified into chemoattraction, chemorepulsion, contact attraction, and contact 
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repulsion (Ichijo, 2004). Guidance cues are molecules that directly guide the axons to 
grow by acting as an attractant, a repellent, or both; while modulators act to trigger 
the axons for other guidance signals by enhancing or reducing their responses to 
those cues, i.e. guiding indirectly (Chung et al , 2000a; Koeberle and Bahr, 2004; van 
Horck et al., 2004). As noted above, these molecules could be in the form of 
diffusible soluble factors produced or secreted by neighboring cells, or as 
contact-mediated epitopes located on cell surfaces (Chan et al., 2002). Cues are 
\ scattered in different segments of the retinofugal pathway, with particularly 
densification at the choice points (van Horck et al., 2004). It is through interaction of 
axons, particularly their growth cones, with these molecules that enables axons to 
reach their targets accurately. 
Both proteinaceous factors and proteoglycans, which are molecules composed 
of a protein core and chains of carbohydrate, have been found in the optic chiasm, 
the major choice point of the pathway where axon divergence occurs (Ichijo, 2004). 
Guidance cues expressed here with inhibitory nature are of particular interest to 
scientists, as evidence has shown the presence of an inhibitory signal at the midline 
of the chiasm that is only responsive by the uncrossed axons (Wang et al., 1995; 
Chan et al., 2002). Finding the responsible molecules would benefit greatly the 
understanding of how the partial decussation and segregation of retinal axons is 
produced (Guillery et al., 1995). Three inhibitory molecules in this choice point that 
have been extensively investigated are ephrin-Bs, CD44, and CSPGs. 
Ephrin-B 
Among the three, ephrin/Eph molecules are the most widely and thoroughly 
researched. The ephrins, a family of cell surface molecules, are ligands that bind their 
corresponding receptors, the Eph receptors (Mann et al., 2004). The Eph family of 
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receptor comprises fifteen identified tyrosine kinase members that can be divided 
into two subclasses according to their ligand affinity preference (Williams et al., 
2003). While glycosylphosphatidylinositol (GPI)-linked, or ephrin-A, ligands are 
favored by the A-type Eph receptors, transmembrane, or ephrin-B, ones are preferred 
by the B-type (Koeberle and Bahr, 2003; Williams et al., 2003; Mann et al., 2004). 
Ephrins have been shown to be expressed at various choice points along the visual 
pathway and are known to participate in several functional aspects of its 
developmental events (Williams et al., 2003; Mann et al., 2004). For example, the 
Ephrin-Eph interaction has been implicated as the key in the initial formation of the 
topographic projections of retinal axons in the tectum and the thalamus (Flanagan 
and Vanderhaeghen, 1998; Koeberle and Bahr, 2003). 
In particular, B-type ephrins and Eph receptors have been regarded as the major 
players in the control of RGC axon navigation at the optic chiasm (Mann et al., 2004). 
This importance in developing visual projections could be seen by their dominant 
role in directing the uncrossed retinal projection, and by their previously-recognized 
role in the establishment of inhibitory boundaries to migrating cells and axons 
(Nakagawa et al., 2000; Williams et al., 2003, 2004). In the Xenopus tadpoles, 
Nakagawa (2000) and his colleagues identified the presence of an ephrin-B at the 
chiasm after metamorphosis, which corresponds to the time when ipsilateral RGC 
projections from the ventral temporal retina are initially formed. This existence of 
ephrin fitted the Ephrin-Eph interaction prerequisite, as matching EphB receptors are 
found to be localized on these uncrossed axons. It is also demonstrated in this study 
of the sufficient ability of ephrin-B in the formation of ipsilateral projections, as 
expression of this molecule in premature chiasms induced the establishment of the 
uncrossed pathway. More recently, Williams and his coworkers (2003) added more 
proofs to these findings with the use of the in situ hybridization technique. Amid the 
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three B-subclasses of ephrin, ephrin-B2 is distinguished to be the one expressed by 
radial glia cells in the murine optic chiasm midline. Ephrin-B2 appears to be more 
inhibitory to the ipsilateral than the contralateral component, indicated by the fewer 
and shorter neurites from ventral temporal retinal explants but no obvious alteration 
to the dorsal ones when grown on cells expressing it. This suppressive action of 
ephrin-B2 is significantly blocked by EphB4-Fc, a specific receptor for ephrin-B2. 
Furthermore, it is noted that ephrin-B2 carries out its effect by acting through the 
EphBl receptors, which are solely located on the uncrossed axons from the ventral 
temporal retinal quadrant. Support comes from the reduction of ipsilateral axons in 
EphBl null mice that lack this receptor. These findings provide evidence of the role 
of ephrin, specifically ephrin-B2, in retinal axon divergence and the mediation of 
ipsilateral projection development, possibly through the action of EphBl receptors. 
CD44 
CD44 is another cell surface molecule, but expressed by the other cellular 
component of the optic chiasm, the chiasmatic neurons. It exists in different isoforms 
that are generated by posttranslational modifications such as N-, 0-glycosylations, 
glycosaminoglycan side chains addition and alternative splicing in the extracellular 
domain (Sretavan et al., 1994). While it is first characterized on lymphocytes, CD44 
has also been found in various tissues including the brain (Lin and Chan, 2003). 
Within the developing ventral diencephalon, it is present in the form of a 
transmembrane, 85K sialated glycoprotein (Sretavan et al., 1994; Lin and Chan, 
2003). CD44 is known to play multiple functions in the immune system, especially 
of its involvement and mediation of cell surface recognition events and cell-to-cell 
interactions (Sretavan et al., 1994). 
The role of this molecule as a possible guidance cue in the setting up of axon 
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divergence pattern at the optic chiasm is initially identified by Sretavan and his 
colleagues (1994). In the study, they demonstrated the localization of CD44 on the 
surface of early generated chiasmatic neurons at the mouse ventral diencephalon, 
with CD44 expressing long before the arrival of retinal axons. This molecule is 
inhibitory in nature, as it is found to exert inhibitory effects on neurite outgrowth 
from retinal explants in vitro. Specificity of CD44 inhibitory effect is verified by a 
further experiment, of which its inhibition to axon growth is blocked by an 
anti-CD44 monoclonal antibody IRAW. In another research, Lin and Chan (2003) 
investigated the functions of CD44 on the axon routing of retinal axons in the mouse 
chiasm in an intact retinofugal pathway. Using brain slice preparations, two 
monoclonal antibodies against CD44, Hermes-1 and IM7, are tested for their effects 
to perturb the normal functions of CD44 in the pathway. Results showed that during 
the retinal ingrowth period of El3 to El 5, disruption of normal CD44 expression at 
the chiasm midline caused significant changes in the courses of RGC axons. In the 
major axon decussation phase El3, less retinal axons crossed the midline after 
perturbation. This same axonal component is again affected a day later as the axon 
divergence pattern is forming, yet the uncrossed axons seem not to be influenced. It 
is not until later at El5 that a substantial reduction is noted in the ipsilaterally 
projecting axons. Together, these data give solid proof of the participation of CD44 
in the patterning of axon divergence at the optic chiasm, of which its inhibitory effect 
is important for retinal axon to make the navigation and pathfinding decisions. 
CSPGs 
One key molecule in guiding axonal growth at the optic chiasm, which is 
studied in this thesis, has been found to be CSPGs. CSPGs are molecules with 
structure of one or more CS glycosaminoglycan chains covalently linked to a protein 
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core. They comprise a family of complex molecules that are found in the 
extracellular matrix and on cell membranes. Functionally, they are involved in the 
multidimensional regulatory mechanisms of many cell-to-cell and cell-to-matrix 
interactions, acting as barriers for growing and navigating axons (Chung et al., 
2000a). 
The contribution of CSPGs in axon guidance, and more importantly in axon 
divergence, is based on its expression at the optic chiasm at the appropriate junctures. 
Through immunocytochemistry with a CS epitope-specific antibody CS-56, Chung 
and colleagues (2000a) detected CS expression at the chiasm during the murine 
developmental stages E13 to E14, which is the major period of axon decussation and 
segregation. The expression was peculiarly prominent at the chiasm midline. 
Furthermore, it was revealed that the CS epitopes were localized in chiasmatic 
neurons at the midline, preferably in the form of phosphacan (Leung et al” 2004). 
This finding of CS being expressed by these early generated neurons that is present 
at the chiasm prior to retinal axons arrival (Mason and Sretavan, 1997), and the 
notion that they are generally inhibitory to in-growing axons (Williams et al” 2004), 
led to the investigation of their role as an inhibitory cue for axon divergence. 
Indeed, evidence has shown that formation of the axon divergence pattern relies 
on an optimal expression of this molecule. In one experiment, the introduction of 
exogenous CS to exposed Xenopus brains caused severe navigational errors of retinal 
axons pathfinding in the diencephalon (Walz et al., 2002). Similar results are noted in 
another experiment that, instead of over application, removed intrinsic CS moieties 
in the mouse diencephalon enzymatically (Chung et al., 2000b). Not only were there 
pathfinding mistakes, uncrossed retinal axons, in particular, failed to steer away the 
chiasm midline and project into the ipsilateral optic tract at the axon segregation 
period. This influence solely on the uncrossed components was supported by a more 
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recent finding from our laboratory that showed the selective inhibitory ability of CS 
to the ingrowth of uncrossed axons that arise from the ventral temporal (VT) retina, 
but not affecting those from the dorsal nasal (DN) retina, when in contact with CS 
glycosaminoglycans in vitro (Cheung et al., 2005). All these discoveries confirmed 
the role of CS at the optic chiasm, that it alone was sufficient to alter the paths of 
retinal axons and control their divergence at the CS enriched chiasm midline through 
selective inhibition on the uncrossed axons (Chung et al., 2000b; Walz et al., 2002; 
Williams et al., 2004; Cheung et al., 2005). Nevertheless, the molecular mechanisms 
that contribute to the differential response, and thus the segregation of crossed from 
uncrossed axons, is yet to be determined. 
INTRACELLULAR SIGNAL TRANSDUCTION MECHANISM OF THE 
INHIBITORY INFLUENCE 
As mentioned, the mechanism by which growth cones detect guidance cues at 
the optic chiasm, such as CSPGs, remains to be identified. While it is also probable 
to involve specific cell surface receptors, much focus has been placed on the 
investigation of signal transduction via second messengers in the cytoplasm of retinal 
growth cones. Several second messengers systems, ranging from intracellular 
calcium and cyclic nucleotides to modulations in enzyme activities of various kinases 
have been implicated (Cheng et al., 2000). Of all the possible signal transduction 
molecules, the function of protein kinase C (PKC) has been emphasized, along with 
ample evidence supporting it (Powell et al., 2001, Sivasankaran et al., 2004) that will 
be discussed below. 
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Roles and Functions of Protein Kinase C 
The PKC family is a heterogeneous family of phospholipids-dependent kinases 
(Jaken, 1996). It contains serine/threonine protein kinases that are widely distributed 
in many tissues, with most cells expressing more than one type simultaneously 
(Jaken, 1996; Sivasankaran et al., 2004). Particular high PKC concentrations, high 
levels of PKC activity and isoform expression have been found in neuronal tissues 
(Battaini, 2001; Sivasankaran et al” 2004). 
Enzymes within the family are all structurally similar, with some minor 
differences between one group and the other (Ono et al., 1989). Members are a single 
polypeptide, comprising a regulatory region at the N-terminal and a catalytic region 
at the C-terminal (Newton, 1995). The structure of each kinase can be further divided 
into four conserved domains, CI to C4. At the N-terminal regulatory end is the CI 
domain, which is a diacylglycerol and phorbol ester binding site. This is followed by 
the recognition site for acidic lipids in the C2 domain that is also a calcium binding 
site in some types. The catalytic region consists of the C3 domain of ATP-binding 
site and the C4 domain of substrate-binding site, which is located at the end of the 
C-terminal (Newton, 1995). 
As members of PKC are present in a wide variety of cells and tissues, they 
perform multiple functions, depending on which system they are involved in. Direct 
functions of PKC include signal transduction, receptor desensitization, membrane 
structure events modulation, and transcription regulation (Newton. 1995). When 
PKC is activated in neurons, they play important roles in the control of many long 
term and short term brain functions, for example, ion channel regulation, receptor 
modulation, neurotransmitter release, and synaptic potentiation and depression 
(Battaini, 2001). PKC carries out all these functions through the regulation of cellular 
pathways, by which protein phosphorylation and dephosphorylation is modulated 
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(Heacock and Agranoff, 1997). As such, they have been seen in numerous systems, 
such as in the mediation of immune responses, regulation of cell growth, cell and 
neuronal survival, and also in learning and memory, the regulation of neurite 
outgrowth and axonal regeneration (Newton. 1995; Heacock and Agranoff, 1997; 
Battaini, 2001). 
PKC Isoforms 
The PKC family comprises a remarkable heterogeneity of isozymes. To date, 
twelve isoforms have been described (Dempsey et al., 2000; Battaini, 2001). These 
isoforms can be separated into groups of similarity base on their structure, cofactor 
and substrate requirements (Newton, 1995; Jaken, 1996; Powell et al., 2001). 
Classically, PKC isoforms are divided into three classes, namely conventional, novel 
and atypical. The conventional group, which includes the isozymes a, (31, pil and y, is 
functionally regulated by calcium, and requires the second messenger diacylglycerol 
and phorbol ester as cofactors. PKC-5, s, r| and 0 belong to the novel class, whose 
function is not mediated by calcium binding and need only diacylglycerol and 
phorbol ester for activation. The last category, which is insensitive to calcium, 
phorbol ester or diacylglycerol, is the atypical group with the i sozymes�and X 
(Jaken, 1996; Powell et al” 2001). A new group consisting two new members |i and v 
has been recently described, who seems to require diacylglycerol as activator 
(Dempsey et al, 2000; Battaini, 2001). Many of these PKC isoforms are widespread 
and almost all have been found in brain tissues (Powell et al., 2001). In particular, y 
and 8 are mainly found in the brain (Battaini, 2001), and the conventional isozymes a 
and P existed as the most abundant forms in the retina and retinal ganglion cells of 
rodents (Kosaka et al., 1998). 
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Modulations of PKC 
The levels of PKC activity can either be enhanced by activators, or suppressed 
by inhibitors. In this study, one activator and two inhibitors are used to investigate 
the effects of PKC modulations. 
PMA, an activator of PKC, is a commonly used phorbol ester. As a phorbol 
ester, PMA focused in activating the kinase activity of the conventional and novel 
isoforms, which are both phorbol ester sensitive. It can achieve activation in both in 
vivo and in vitro environments at nanomolar concentrations. 
Go6976 is a very specific inhibitor of PKC that selectively inhibits the calcium 
dependent isozymes a and pi only. It does not affect the enzyme activity of calcium 
independent isoforms like 5, s a n d �f r o m the novel and atypical PKC subgroup, even 
at high concentrations at micromolar levels. 
Ro-32-0432 is also a PKC inhibitor, but it is less selective than Go6976. Similar 
to G66976, it focuses on suppressing the kinase activity of the conventional a and pi 
isoforms, but also exerts effect on the novel isozyme s to a smaller extent. Even 
when the concentration is high, Ro-32-0432 favors the selection of a and pi ten- and 
four-fold greater than the novel s isozyme respectively (Wilkinson et al., 1993). 
Evidence of PKC Involvement in Response to Inhibitory Guidance Cues 
A major regulatory pathway in the cells is the modulation of protein 
phosphorylation and dephosphorylation. Since it is known that PKC plays a key role 
in this modulation, it has been suggested that PKC is likely to be involved in the 
regulation of neurite outgrowth (Heacock and Agranoff, 1997) and possibly in the 
response to inhibitory signals. Indeed, experiments have provided results that support 
this claim. Bixby (1989) has shown that PKC activation promoted the neurite 
outgrowth from chick ciliary ganglion neurons stimulated by an extracellular matrix 
17 
CHAPTER 1 GENERAL INTRODUCTION 
molecule (ECM) laminin. Vice versa, Heacock and Agranoff (1997) have found that 
inhibition of PKC activity block neurite outgrowth from goldfish RGCs in culture. 
The participation of PKC has also been noted in the regulation of growth cone 
filopodia. Filopodia, as stated above, are the pioneers of growth cone navigation and 
pathfinding to targets, which serve both sensory and motor functions (Bonsall and 
Rehder, 1999), usually the first to encounter environmental guidance cues (Cheng et 
al., 2000). Studies have revealed that PKC mediates filopodial regulation. Activation 
of PKC activity in chick dorsal root ganglion growth cone caused the shortening of 
filopodia, while inhibition triggered elongation (Bonsall and Rehder, 1999). 
Furthermore, the phosphorylation state of the growth cones, which is controlled by 
PKC, has a lineal causative effect on the behavior of filopodia (Cheng et al., 2000). 
More excitingly, there has been direct evidence of PKC involvement in 
regulating the repressive signals of growth inhibitory molecules. Powell and 
colleagues (2001) have demonstrated the participation of PKC in the guiding and 
controlling of axonal outgrowth at boundaries created by inhibitory matrix molecules. 
In the in vitro study, more rat cerebral cortical neurites entered a nonpermissive 
astrocyte territory when PKC activity was downregulated and inhibited, where a 
main component of the restrictive boundary is CSPG. Another support comes from an 
observation of PKC inhibition reducing drastically the suppression of CS to neurite 
outgrowth from central and peripheral neurons (Sivasankaran et al” 2003). This 
observation was further proved the next year, where the inhibitory effects of CSPGs, 
as a major component of the glial scar, to rat cerebellar granule neurons is lessened 
when PKC activity is reduced in vitro, allowing more neurite outgrowth on the 
forbidden substrate (Sivasankaran et al., 2004). All these findings sustain the notion 
that PKC participates and may mediate in the responses to inhibitory influences of 
growth suppressing guidance molecules. 
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Hypotheses 
In this research, it is hypothesized that PKC is involved in the inhibitory 
mechanism of the chemorepulsive molecule CSPG on axon guidance in the optic 
chiasm of the retinofugal pathway. Upon CS contact, difference in PKC activity 
within growth cones might have caused dissimilarity in the sensitivity of axons from 
different regions of the retina. In turn, this leads to a divergent behavior of DN and 
VT retinal axons, and eventually forming the axon divergence pattern at the optic 
chiasm. Thus, the function of the signal transduction molecule PKC is investigated in 
the selective inhibition of VT retinal neurites during a CS contact. 
AIMS OF STUDY 
In this thesis, experiments are performed to investigate whether PKC is 
involved and may mediate the inhibitory response of retinal axons to CS. The initial 
study (Chapter 2) first characterizes the expression of PKC and its isoforms in retinal 
growth cones during development in vitro. Immunocytochemistry is used to identify 
the expression of various PKC isoforms in growth cones from the dorsal nasal (DN) 
and ventral temporal (VT) retinal regions. Then in the next study (Chapter 3), the 
role of PKC in the inhibitory effect of CS to neurite outgrowth is examined. 
Modulation of PKC activity within growth cones with specific activator or inhibitors 
is made during a CS contact in culture, which allows observation of the effect 
disregarding the influence of other molecules that are also present in the optic 
pathway. Finally in the last study (Chapter 4), the effects of altering PKC activity on 
guidance of retinal axons in an intact retinofugal pathway is investigated with the use 
of brain slice culture. Changes in the axon routing and axon divergence pattern at the 
optic chiasm after modulation are examined in the exposed brain preparations. 
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CHAPTER 2 
EXPRESSION OF PROTEIN KINASE C (PKC) ISOFORMS IN THE 
VENTRAL TEMPORAL (VT) AND DORSAL NASAL (DN) RETINAL 
GROWTH CONES OF MOUSE EMBRYOS 
INTRODUCTION 
To reach their distant targets, retinal axons must navigate their way through the 
many complex environments along the retinofugal pathway. This passageway is 
filled with multiple guidance cues that are expressed differently in discrete segments 
of molecular territories (van Horck et al., 2004). While this seems to be a course 
prone to pathfinding errors and projections into inappropriate regions, retinal axons 
manage to master it and arrive at their destinations free of error. The underlying 
reason may be attributed to the rapid behavioral changes of the retinal growth cones 
to the surrounding molecules. 
Though receptors to external cues are present all over the length of retinal axons, 
they are most concentrated in an expansion at the tip of the axons known as the 
growth cone. This structure, which is relied upon by the axons to guide their 
extension, specializes in sampling the immediate microenvironment and responding 
accordingly. The growth cone can be divided into three regions, namely the core, 
lamellipodium and filopodium. Of the three, filopodia act as sensory pioneers that 
actively contact guidance cues (Cheng et al., 2000). Growth cone possesses a highly 
dynamic cytoskeleton that allows it to change shape and morphology in response to 
molecular signals. Machineries that modulate the cytoskeleton including mRNAs, 
ubiquitinating and apoptotic enzymes, and translation and degradation apparatuses 
are also found in the vicinity (van Horck et al., 2004). When extracellular guidance 
cues bind to receptors located in the growth cones, systems like local protein 
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degradation and endocytosis are triggered, altering the responsiveness and behaviors 
of the growth cones that in turn change the direction of axonal growth and extension 
(van Horck et al , 2004). 
Many molecules and their corresponding receptors have been identified to be 
involved in the guidance of axon pathfinding. However, little is known about the 
intracellular signaling mechanism in the growth cones that is set off by the 
ligand-receptor interactions. Among several second messenger systems, the protein 
kinase C (PKC) pathway has received much attention (Heacock and Agranoff, 1997). 
As one of the major cellular regulatory pathways is the modulation of protein 
phosphorylation and dephosphorylation, PKC, which consists of a family of 
serine/threonine kinase isozymes, has been implicated to play key roles in the 
regulation of signal transduction in the growth cones (Heacock and Agranoff, 1997; 
Wood et al., 1997). Up to now, twelve mammalian isoforms have been characterized 
(Wood et al., 1997; Dempsey et al., 2000; Battaini, 2001) that could be divided into 
distinct subgroups according to their structure, cofactor and substrate requirements 
(Newton, 1995; Jaken, 1996; Powell et al., 2001). Nearly all isozymes express in 
brain tissues, with PKC-y and 8 mainly found in the brain (Battaini, 2001; Powell et 
al., 2001). Furthermore, eight of the twelve PKC isoforms have been located in the 
retina of different vertebrates in immunological localization studies, of which a and P 
forms are the most abundant in the retina and RGCs (Wood et al., 1997; Kosaka et al” 
1998). 
To investigate the involvement of a molecule, the first issue is to determine its 
presence at the appropriate locations. Thus, the current study was aimed to 
characterize the expression of various PKC isoforms in El4 retinal growth cones. 
Localization patterns of four conventional and two novel isoforms at protein level 
were examined using immunocytochemistry. Growth cones from both the dorsal 
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nasal (DN) and ventral temporal (VT) retina were observed to determine if there is 
differential isoform expression in terms of intensity and localization variations. 
MATERIALS AND METHODS 
Animals and Tissue Preparation 
C57BL/6 pigmented mice used in this experiment were obtained from the 
Animal House in the University. The mice are time-mated, and the day that the 
vaginal plug is found is designated as embryonic day (E) 0. Pregnant mice were 
killed by cervical dislocation, and E14 mouse embryos were taken out by Caesarean 
section. The embryos were kept chilled in Dulbecco's modified Eagle's medium 
(DMEM) / F12 medium (Gibco, USA) including penicillin (100 U/ml) and 
streptomycin (100 |ig/ml) and then decapitated. Using tungsten needles, a cut was 
made at the dorsal pole of the eye to mark its orientation before removing the eye 
from the head and dissecting out the retina. 
Retinal Explant Culture 
Small square-shaped explants with size approximately 500 x 500 [irn^ were 
cut from the peripheral parts of either DN or VT quadrant of the retina. The explants 
were then planted on coverslips coated with poly-L-lysine (25 ^ig/ml; Sigma, USA) 
and laminin (12.5 |ig/ml; Gibco, USA), and cultured in DMEM/F-12 medium 
containing penicillin (100 U/ml), streptomycin (100 |ig/ml), N1 (Ix; Sigma, USA), 
1% bovine serum albumin (BSA; Sigma, USA) and 0.4% methylcellulose (Sigma, 
USA). Explants from both DN and VT regions were plated on the same dish for 
comparison under identical condition. After 18 hours of culture in 37°C, cultures of 
growth cones were fixed for an hour in 4% paraformaldehyde (in 0.1 M phosphate 
buffer; pH7.4). The fixed cultures were then washed 3 times with 0.1 M phosphate 
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buffered saline (PBS; pH7.4) prior to immunocytochemistry. 
Immunocytochemistry 
The expression pattern of different PKC isoforms in growth cones was 
examined using rabbit raised polyclonal antibodies against six isoforms, namely a, pi, 
pll, y, 6 and s (Sigma, USA). Based on previous observations (Fukuda et al., 1994; 
Kosaka et al., 1998), the six most likely ones to be found in the CNS and RGCs were 
chosen among the PKC isoforms to be tested. After washing in PBS, the fixed 
cultures were blocked with blocking serum that contained 10% normal goat serum 
(NGS; Sigma, USA) for an hour. Immunostaining was performed with first 
incubating the cultures in primary antibody of respective PKC isoform (1:100, 
diluted in PBS with 0.5% Triton X-100 and 1% NGS) in overnight. No primary 
antibody was added in the control preparations. Next, the cultures were rinsed with 
PBS (3 times, 15 minutes each) and labeled with the secondary antibody goat 
anti-rabbit IgG Alexa Fluor 488 (1:100，diluted in PBS with 0.5% Triton X-100 and 
1% NGS; from Molecular Probes, USA) for 2 hours at room temperature. The 
aldehyde-fixed explants were then washed briefly in PBS and coverslipped in 
glycerol (1:1 in PBS; from Sigma, USA) for examination with confocal microscopy. 
Confocal Microscopy and Image Analyses 
Growth cones from different preparations were imaged with a confocal imaging 
system (BioRad MRC 600, UK) connected to an Axiophot photomicroscope (Zeiss, 
Germany) using the blue excitation filter set (BHS, 488 nm excitation and 515 nm 
emission long pass). The images were acquired with the COMOS software (Bio-Rad) 
and then further processed using the Confocal Assistant software (Bio-Rad). Pixel 
intensity measurements of the growth cones from the confocal images were 
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performed in the MetaMoiph software (Universal Imaging Co., USA). Average 
intensity, which is the integrated intensity divided by area, was obtained to eliminate 
the discrepancy created by variations of the growth cone sizes. Measurements 
included the pixel intensity of the core, lamellipodia and filopodia of growth cone, 
with which the value of background intensity deducted. The core region was defined 
as the area covered by the central core of individual growth cone in the images. 
Filopodial region was characterized as the area covered by the cell processes of the 
thin filopodia, while the lamellipodial area was defined as that covered by the thick 
cell processes of lamellipodia which extended between the core and filopodia. The 
numbers obtained in the VT growth cones were compared statistically with those in 
DN growth cones on the same dish using the InStat software (GraphPad, USA). For 
the preparation of the figures, pseudocolor was added to the confocal images of the 
growth cones in the MetaMorph software. Explants from 34 E14 embryos were 
included in this study. 
RESULTS 
Expression Pattern of PKC Isoforms in the Growth Cones 
After culturing for 18 hours, many neurites were observed to grow out of the 
RGCs in the explants. These neurites have extended over some distance in the 
growth-promoting environment of laminin and poly-L-lysine, where each was tipped 
with a growth cone. It was noted that most of the growth cones had simple 
morphologies, i.e. they had large flat surfaces comprising of the core and 
lamellipodium with relatively short filopodia (Fig. 1A and F). Healthy growth cones 
that did not seem to be retracting their courses were chosen for imaging and analysis. 
Results showed that the expression of the assorted PKC isoforms in DN and VT 
retinal growth cones could indeed be characterized morphologically. From direct 
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observations, the immunostaining of each isozyme demonstrated various intensity 
degrees and localization patterns that were different from the others. Pseudocolor 
images were used to illustrate the relative intensity differences within the structures 
more clearly. Depending on the brightness of the accumulated intensities, color can 
vary with increasing magnitude across the spectrum (Fig. IB). 
In the control setup, all the growth cones and neurites were very dull in color 
(Fig. IC-E and G-I). The very weak intensities were indicated by the purplish shade. 
Still, faint outline of the growth cones was detectable by the threshold level of the 
laser dosage. No distinct expression pattern was noted. While the growth cone core 
was of higher intensity than the periphery, this was merely owed to the thickness of 
the core center, which was relatively thicker than the spreading thin lamellipodium. 
The lack of intense coloration of structures in the control confirmed the positive 
signals expressed in the PKC isoforms setups. As primary antibody was not added in 
the control preparations, no specific recognition and binding of the dye-conjugated 
secondary antibody was executed. 
Under the same setting, the intensity of PKC-a was much brighter than the 
control (Fig. 2). While there appeared to be no divergence in the overall expression 
configuration between growth cones from DN (Fig. 2A-D) and VT (Fig. 2E-H) 
explants, an apparent localization pattern was observed. Within the growth cone, 
PKC-a was predominantly expressed in the filopodia, as demonstrated by the vivid 
reddish color (Fig. 2A). A lower intensity cluster of greenish-yellow and blue were 
also noticed in the core and the lamellipodia respectively (Fig. 2E-F). All in all, 
PKC-a was present with fluctuating degrees inside the entire growth cone. 
Quite the opposite, the localization pattern of another conventional isoform, 
PKC-pI, was the reverse of PKC-a. Again strongly stained, PKC-pI was largely 
localized at the core of the growth cones (Fig. 3). The intensity of yellowish color 
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then decreased along a gradient to purple in the filopodia and lamellipodia，where 
consistently a low expression was detected in this region (Fig. 3A and E). Regardless 
of the dissimilarity of isoform localization between PKC-a and pi in the growth cone, 
it was remarked that both types were prominently tinted in the neurites extending to 
the growth cones, showing similar reddish-white color. 
Comparing the above two isoforms, PKC-pII immunostaining displayed a much 
lower level of expression, where the highest pseudocolor exhibited was blue (Fig. 4). 
This isoform seemed to be concentrated at the core of the growth cone, which 
demonstrated a relatively deeper staining (Fig. 4A-B). Close examinations revealed a 
punctuate appearance that was dotted over the whole growth cone (Fig. 4E-F). 
Intersperses of the points were not evenly distributed; instead, more were noted in 
the core than the periphery, which might account for the richer discoloration 
observed. 
Similar to PKC-|3II, y was also present in low intensity (Fig. 5). There seemed to 
be no particular preference in the localization of this isoform in neither the periphery 
nor the core, as the pseudocolor maintained at a stable purplish shade throughout the 
growth cone. In most of the growth cones stretching out from the DN and VT 
explants, a solid, concrete appearance was observed (Fig. 5A-E). However, in some 
of the VT growth cones, a (3II-like punctuate manifestation was displayed (Fig. 5F-H). 
This feature seemed to lie mainly in the lamellipodia (Fig. 5F), while it was also 
located in the core of some growth cones (Fig. 5G-H). 
The intensity exhibited by PKC-6 was relatively higher than the conventional 
isoforms PKC-piI and y, but not to the extent of PKC-a (Fig. 6). This novel isozyme 
showed a pattern that was similar to PKC-a, with expression localized in equivalent 
regions. The main localization was detected in the filopodia (Fig. 6B and G). Besides 
situating in the finger-like structures, a smaller degree of expression was found in the 
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core that presented a greenish color (Fig. 6F). However, only traces of PKC-5 were 
located in the lamellipodia (Fig. 6C); none were even detected in some growth cones 
(Fig. 6B and D). 
Parallel with PKC-a, s was also strongly expressed in the growth cones, at a 
level that was higher than PKC-5 (Fig. 7). As indicated by the intense pseudocolor, 
the localization of s was dominant in the filopodia (Fig. 7A and E). While the 
filopodia were brightly labeled with red and yellow, a less brilliant immimostaining 
of the growth cone core was observed and appeared green in color (Fig. 7B and G). 
Out of the whole growth cone, s was least evincing in the lamellipodia that was 
stained with blue (Fig. 7F). Overall, this isoform displayed a pattern that was similar 
to PKC-a in terms of intensity magnitude and localization pattern. 
Localization and Coloration Differences of the PKC Isoforms 
After observations of the expression patterns, the pixel intensities of the 
isoforms were measured for analyses. All the PKC isoforms were present in the 
growth cones, as they all had higher values of average intensities than the control 
(Fig. 8A). These increment in intensity values were considered extremely significant, 
as the P value obtained from the statistical application of Kruskal-Wallis 
Nonparametric ANOVA test followed with Dunn's Multiple Comparisons test was 
smaller than 0.0001. Looking at DN and VT growth cones immimostained with 
antibody of the same isoform as a whole, PKC-s (n = 21) was detected with the 
highest average intensity among the six isoforms tested, measuring at 63.609 士 2.924. 
It was then followed by a (55.805 士 3.351, n = 20) and pi (31.992 士 2.297, n = 20). 
The other three isoforms pil (n = 20)，y (n = 13) and 5 (n = 20) were comparatively 
less expressed, with values quantifying at 13.191 士 0.8348, 12.266 士 0.9714 and 
13.154 士 1.47 respectively. When compared statistically with the control, all the 
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isoforms except PKC-y showed significant increases, indicating that y was the lowest 
expressed PKC isoform in the growth cones. In agreement with the direct 
observations, growth cones in the control preparation were barely perceptible and 
reckonable without the addition of primary antibody (0.814 士 0.1115, n = 20). 
Measurements of the growth cones were then separated into two distinct regions, 
namely the core and the periphery that included lamellipodia and filopodia. They 
were compared against each other to illustrate the specific localization of the PKC 
isoforms (Fig. 8B). Regardless of the retinal origin, all isoforms showed a tendency 
to preoccupy the core region. This was demonstrated by the higher core intensity 
than the peripheral one. Of the six isoforms, the discrepancy between the core and 
peripheral value were the greatest in PKC-(3I and (311, and both were statistical 
significant (P<0.05, Kruskal-Wallis Nonparametric ANOVA test followed with 
Dunn's Multiple Comparisons test). This concur the observations of their localization 
mainly in the growth cone core. On the other hand, the predominant expression of a, 
5 and s in the filopodia failed to be presented by the measurements. Similar to the 
other three isoforms, a higher intensity was shown in the core region. While a cluster 
of the isoforms located in the core, which was clearly observable in the pseudocolor 
images, contributed to the high core intensity, the fact that the periphery contained 
both the regions of lamellipodia and filopodia also added effect to the observation-
measurement disagreement. Consistent in a, 5 and 8, intensity measured was the 
lowest in the lamellipodia. When the lamellipodia and filopodia were quantified as a 
unit, the tiny value in lamellipodia diluted the high intensity in the filopodia, 
generating a number that was even smaller than the core one. In the end, the true case 
in PKC-a, 6 and s was not reflected by the average intensity measurements. As for y, 
the higher intensity gauged in the core could be explained similarly as the control, 
which was due to the accumulated pixel intensity trapped in the different thickness of 
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the core and the peripheral region. In general, all six isoforms appeared to take a 
predetermined inhabitance in the core region. While localization patterns of pi and 
311 in the core agreed between direct observation and measurement, the patterns of a, 
5 and 8 in the filopodia were unsuccessful to show. 
No Intensity Disparity between Growth Cones from DN and VT Retinas 
The average intensity measurements of the core and periphery were further 
divided according to the retinal origins of the growth cones. DN and VT growth 
cones from explants planted on the same coverslip were compared to examine 
whether there was divergence in expression and localization of the PKC isoforms. 
Comparing the periphery measurements of the growth cones, none of the 
isoforms showed discrepancies between the DN and VT retinas (Fig. 9A). P values 
from statistical analyses using Mann-Whitney test were all larger than 0.05 and of no 
statistical significance. In the strongly expressed isoforms a and s, both DN and VT 
measurements displayed high expression in the periphery. Average pixel intensity of 
DN growth cones immunostained with PKC-a and s were quantified to be 50.607 士 
6.064 and 55.119 士 4.477, while that in VT region were 54.565 士 4.215 and 59.792 士 
3.11, respectively. However, these differences in the retinal regions of both isoforms 
were statistically insignificant (a: P = 0.7394; s: P = 0.3867, Mann-Whitney test). 
Likewise, average intensity measurements of each of the other four lower-expressed 
isoforms in the DN and VT growth cone peripheries were very close. Values of DN 
and VT periphery obtained were 18.349 ± 2.588 and 15.225 士 1.13 in pi, 7.186 ± 
0.8593 and 7.706 士 0.9324 in (311, 10.680 士 0.6577 and 13.383 士 1.767 in y, and 
10.061 士 2.388 and 10.714 ± 1.258 in 5. As a result of the small variations, no 
significant differences were determined statistically, with P values of pi, pil, y and 5 
at 0.6305, 0.5787, 0.223 and 0.315，respectively (Mann-Whitney test). 
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Similarly, deviations between DN and VT regions in the intensity measurements 
of the growth cone core were not found to be statistically significant in the isoforms 
used (Fig. 9B). In the conventional group, small but insignificant discrepancies 
among growth cones of different retinal regions were detected in the low expressed 
isoforms of pil and y. DN and VT measurements of pil were 24.554 土 1.723 and 
24.758 士 2.192 (P = 0.8534, Mann-Whitney test), while that of y were 16.553 士 
2.244 and 20.100 士 2.071 (P = 0.3144, Mann-Whitney test). The two higher 
expressed conventional isoforms, a and pi, showed fluctuations that were slightly 
larger than the previous two. Average intensity measured in DN growth cones of a 
and pi were 57.307 士 6.318 and 68.296 士 5.446, and that in the VT region were 
64.974 士 6.957 and 60.787 士 4.527, respectively. Despite the increase, differences in 
DN and VT growth cones of these two isoforms were also not significant based on 
analyses with Mann-Whitney test (a: P = 0.3527; pi: P = 0.393). Out of the six 
isoforms, the novel isoforms 5 and s gave the largest divergence between DN and VT 
core measurements. Pixel intensities of growth cone core from DN and VT retinas of 
6 were 27.468 士 3.211 and 21.263 士 2.493, while that of s were 66.376 士 6.109 and 
84.416 士 5.023. Yet, variations in the two retinal regions of both these isoforms failed 
to generate statistical significance (5: P = 0.1903; s: P = 0.0513, Mann-Whitney test). 
In summary, all PKC isoforms tested exist in the retinal growth cones. Each is 
present in different degree and predominantly locates in different regions of the 
growth cones. While the localization pattern of y is not obvious, distinct patterns are 
observed in a, 5 and s, which are mainly found in the filopodia, and pi and pil, which 
are localized in high amounts at the core region. These diversities in expression 
pattern did not differ between DN and VT growth cones, where the magnitudes of 
isoform expression stay consistent at similar levels in growth cones from different 
30 
CHAPTER 2 EXPRESSION OF PKC ISOFORMS 
retinal regions and no difference is detected. 
DISCUSSION 
The current study has examined the expression patterns of six PKC isoforms in 
E14 retinal growth cones from DN and VT explants. This was accomplished by 
investigating the localization of the isoforms within growth cones that has been 
immunostained with the respective antibody. In the growth cone, PKC-a and s 
predominantly express in the periphery and in filopodia. PKC-5 also appears to be 
present in those regions, but at a lower level. Vice versa, PKC-pI and pll localize at 
the core. Despite of the high intensities detected in a and pi, the other two 
conventional isoforms pil and y show expressions of much lower extents. PKC-piI 
and some y stained growth cones display a punctuate appearance, while most of 
PKC-y are found uniformly expressed in the growth cone. However, when 
measurements of the same isoform were compared between DN and VT retinal 
regions placed in the same substratum, no difference in expression was 
demonstrated. 
Expression of PKC Isoforms in Retinal Growth Cones 
In this experiment, expression patterns of six PKC isoforms are detected. While 
it should be noted that the patterns of the other untested isoforms are not known, 
each of the tested ones shows a selective and specific localization within the growth 
cones. In the same way, selective subcellular localization of individual isozymes has 
been determined in various cells and tissues (Blobe et al., 1996). Different patterns 
and distributions of a particular PKC isoform have been observed, which varies 
depending on the cell type being examined. While this is the case, specific 
expression patterns of several isoforms are realized between cell and tissue types that 
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are also noted in the present investigation. 
Among the other PKC isoforms tested, PKC-a shows the second highest 
intensity. This corresponds to the observation by Kosaka and colleagues (1998) that 
it is one of the two most abundant isozymes expressed in the rat retina and RGCs in 
the ganglion cell layer. In many cell types, a is noticed to translocate to the 
cytoskeleton after activation (Blobe et al , 1996). This might explain why the isoform 
predominantly expressed in the filopodia. Filopodia are finger-like cytoskeletal 
extensions of the growth cone used to sense the immediate medium. When required, 
they are elongated by addition and polymerization of building blocks to the already 
existing cytoskeleton (Meyer and Feldman, 2002). Likewise, cytoskeleton 
components also concentrate at the growth cone core, thus giving the sharp 
expression noted in that region. 
PKC-P was the other isoform determined by Kosaka and colleagues (1998) that 
is richly expressed in the retina and also in the RGCs of rat. There are actually two 
subtypes of PKC-p, namely (31 and pll, which are generated by alternative splicing of 
the same gene, in contrast to the rest of PKC isoforms that are encoded by distinct 
genes located on different chromosomes (Blobe et al., 1996). They were not 
distinguished in the study as the PKC-P cDNA probe used included the sequence that 
is akin of the two isozymes (Kosaka et al., 1998). It is from other investigations that 
the respective expression of the P isoforms is clearly identified. Fukuda and 
colleagues (1994) found that while PKC-piI and y were not found in the retina, 
PKC-pI was present in the ganglion cell layer of the monkey retina. This contradicts 
to the result in the current experiment, where PKC-piI was noted to express in low 
level throughout the whole growth cone with a punctuate appearance. Yet, its 
presence in the growth cones could be explicated. Evidence has shown that pil 
specifically interact with actin and the actin cytoskeleton (Blobe et al., 1996). Actin 
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filaments, as the major structural element, exist in abundance inside the growth cones 
and are organized differently in separate regions (Meyer and Feldman, 2002). In the 
broad, flat surface of the lamellipodium, filamentous actins are polymerized and 
branched irregularly beneath the cell membrane. In the filopodia, actin fibers are 
arranged in longer filament bundles that extend from the central zone of the 
lamellipodium towards the leading end of the membranous projection (Meyer and 
Feldman, 2002). Since actins are found in the cytoskeletons of both lamellipodia and 
filopodia, it seems logical for the ubiquitous localization of PKC-pII in the growth 
cones. The dotted appearance of this isoform seems to be specific to its nature, rather 
than caused by its low expression. While this manifestation was also observed in 
some of the growth cones immunostained with the lowest expressed y, most of them 
showed a solid, concrete appearance, indicating that punctuate appearance does not 
necessarily points straight to minimal expression; an isoform can still display 
uniform distribution at a very low expression level. 
No significant difference in expression intensity was observed in the 
comparison of DN and VT growth cones immunostained with the same isoform. If 
PKC are involved in the CS selective inhibition of VT neurites as proposed in this 
thesis, this lack of difference suggests that it is not caused by the presence or absence 
of a certain PKC isoform nor dissimilarity in their specific localization in growth 
cones from different quadrants of the retina. Of course, the selective inhibition of CS 
might be due to alternative causes, for example a difference at the receptor level. 
Even so, it should be emphasized that not all the growth cones of each explant were 
included in the analyses. Rather, only healthy growth cones, i.e. those with large 
expansive core and lamellipodial surfaces, were chosen. For this reason, one 
important parameter might have been overlooked. While no intensity and localization 
variations were detected between isoform-stained growth cones from the two retinal 
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regions, there might be dissimilarities in the percentage of growth cones 
immunopositive to the PKC isoforms. Such percentage disparity in the DN and VT 
regions might just be the reason that brings about the partial decussation pattern of 
the crossed and uncrossed axons that are derived from the nasal and ventral temporal 
retina respectively (Guillery et al , 1995; Mason and Sretavan, 1997; Chung et al., 
2000b). However, this explanation of differential response was not stressed and 
accounted for in the experiment, and along with other possible causes, remains to be 
elucidated. 
Functions of PKC and its Isozymes 
PKC and its family of heterogeneous isoforms are known to play many pivotal 
roles in cell surface mediated signal transduction (Ou and Ebadi, 1992). Much 
evidence has confirmed their functional involvements in multiple and diverse 
regulatory systems during both short term and long term activation (Blobe et al” 
1996). While functions of PKC as a group have been well defined, many isoform 
specific roles have also been explored in details (Blobe et al” 1996; Kosaka et al., 
1998). 
During short-term activation, PKC acts mainly as a signal transducer (Blobe et 
al., 1996). Its participation has been noted in hormone secretion, growth factor 
release, neurotransmitter release, muscle contraction and relaxation, lipid metabolism, 
glycogenolysis, lipogenesis and blood activation (Blobe et al., 1996). Conversely, 
some cellular effects require the prolonged changes of PKC activity in the cells 
(Blobe et al., 1996). Here, when activation is lengthened, PKC predominantly plays 
the role as cellular regulator. Many systems are regulated by this enzyme, including 
cell differentiation, antiproliferation, enhancement of viability and decreased 
apoptosis, long term potentiation, tumorigenesis, multidrug resistance, cancer 
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metastasis, mitogenesis and cell motility (Blobe et al., 1996). Lastly, PKC serves in 
regulating neurite outgrowth and axonal regeneration (Heacock and Agranoff, 1997). 
In particular, PKC actively functions in the retina (Wood et al., 1997). Within 
this structure, PKC has been shown to directly control dopamine release and 
modulate functions of the glutamate and GAB Ac receptor. It is also involved in the 
retinal ischaemic cascade process, the control of cytoskeletal interactions and the 
inositol phosphate signaling process. Regulatory roles in phototransduction and the 
control of spinule formation in the retina, which is a process involved in retinal 
synaptic plasticity and functioning, are performed by this kinase as well (Ou and 
Ebadi, 1992; Wood et al., 1997). 
In some cases, PKC activation does not trigger the effect of all isoforms but 
only several of them. Depending on the combination of stimulated isozymes, 
different outcomes can be generated. For example, activating conventional PKC 
isoforms alone have demonstrated involvement in the translocation of the enzyme 
from cytoplasm to cell membranes of CNS neurons, and is related to the cell 
signaling pathways associated to changes in cytoplasmic calcium levels and 
transmitter release in the neurons (Kosaka et al., 1998). 
Besides taking effect as a whole, individual PKC isoform has demonstrated 
ability to mediate isoform specific roles, which could be indicated by the highly 
variable tissue and cellular distributions of respective isoform. As mentioned, while 
brain contains almost all isoforms, skin and skeletal muscle contain only a few. Also, 
within each organ and structure, the localization patterns of specific isozyme are 
distinct. As a result of the selective subcellular localizations of different isoforms, 
substrate contact is restricted to only a few of them. This allows particular isoforms 
to phosphorylate and regulate the uniquely accessible substrates in the cell, and 
eventually leads to the production of isoform specific functions (Blobe et al., 1996). 
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Among the many general functions played by PKC en masse, evidence has linked the 
relationship of increased isoform expression to a large number of cellular events, 
such as differentiation, proliferation, multidrug resistance and tumorigenesis (Blobe 
et al., 1996). 
Focusing on the visual system, several results have illustrated the particular 
roles played by individual PKC isoform. Rosdahl and her colleagues (2002) 
identified the importance of PKC-5 in the neurite outgrowth of chick RGCs that is 
dependent on protein tyrosine phosphatase [i. In another finding, Wu and his 
coworkers (2003) stressed the fundamental roles of PKC-a and |3 in the enhanced 
regrowth of murine retinal neurites after optic nerve damage, where the expression of 
both isozymes elevated and their functions upregulated in the injured RGCs. 
Morphological Changes of Retinal Growth Cones In Vitro 
The morphology of growth cones has been related to their behaviors in response 
to the external environment (Bovolenta and Mason, 1987). The different forms 
demonstrated actually reflect the complexity and novelty of extracellular guidance 
cues encountered by the growth cones during axon pathfinding (Bovolenta and 
Mason, 1987; Chan et al., 1998). Growth cones tend to be of simple shapes when 
navigating through a straightforward environment. However, when placed in a 
complicated setting, they will undergo dramatic transitions from simple to more 
complex forms that are usually illustrated by an enlargement of their core size and/or 
an increase in the number of filopodial extensions. Complicated settings in this sense 
include a change of extrinsic guidance cues and the presence of novel cellular or 
molecular components (Guillery et al., 1995; Chan et al., 1998). Such dynamic 
alterations of growth cones are common in locations where growing neurites have to 
choose their paths and adjust their direction of growth (Bovolenta and Mason, 1987; 
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Guillery et al., 1995; Chan et al., 1998). 
In this study, growth cones were observed in vitro, where they extend from 
explants planted on coverslips coated with an even background of poly-L-lysine and 
laminin. Most of the examined growth cones showed simple shapes and 
morphologies. At the foremost terminus of the growing neurites, each growth cone 
displayed a large flat surface of the core and lamellipodium, with sometimes the 
extension of several short filopodia. These filopodia were noted to vary greatly in 
length; while those in the growth cones of leading neurites were very long, most 
were relatively petite, with spans shorter than the core diameter. Results in this 
experiment agree with those described in the in vivo system (Bovolenta and Mason, 
1987; Chan et al., 1998). As the even background of poly-L-lysine and laminin 
provided a plain, trouble-free environment for the neurites to grow, most growth 
cones observed had simple morphologies. Some growth cones with more 
complicated appearance were also noticed largely situating at the tips of leading 
neurites, which might be due to the navigational decisions they have to make. Indeed, 
growth cones of neurites that followed the advancement of the pioneers generally 
had much simpler forms. 
In conclusion, we have demonstrated that the expressions of various PKC 
isoforms could be characterized in retinal growth cones. Each isoform shows patterns 
that are different from the others in terms of expression degree and localization. 
While all the isoforms investigated are present in the growth cones, PKC-a, pi and s 
displayed the highest intensities. Thus, in order to elucidate the involvement of PKC 
in the mediation of CS-induced inhibition in the next chapter, PKC modulators that 
direct effects principally on these three isoforms will be used. 
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Figure 2.1 
Immunostaining of growth cones in the absence of primary antibody generates 
no positive signals. El4 mouse retinal explants were dissected from peripheral 
regions of either the dorsal nasal (DN) or ventral temporal (VT) quadrants and 
cultured overnight. After fixation, immunocytochemistry was performed and growth 
cones were imaged with confocal microscopy. A, F: Phase contrast micrographs 
portraying retinal growth cones at the tips of extending neurites from DN (A) and VT 
(F) explants. B: After immunostaining, the brightness of accumulated intensities in 
pseudocolor images was indicated by the varying color magnitude across the 
spectrum. C-E: Confocal photomicrographs showing pseudocolor images of DN 
growth cones in the control preparation without addition of primary antibody. G-I: 
Representative images of pseudocolored VT growth cones in the control group. Scale 
bars, A, F, 25 i^m; C-E, G-I, 25 |am; the one in (C) is applied to (D), (E) and (G)-(I). 
DN, dorsal nasal; VT, ventral temporal. 
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Figure 2.2 
PKC-a is predominantly localized in the filopodia. Explants were isolated from 
the peripheral parts of dorsal nasal (DN) and ventral temporal (VT) regions of E14 
mouse retina. After culturing overnight, fixed growth cones were immunostained 
with an antibody against PKC-a and imaged under the confocal microscope. A-H: 
Confocal photomicrographs depicting pseudocolor images of DN (A-D) and VT (E-
H) retinal growth cones. Scale bars, A-H, 25 pm; the one in (A) is applied to all 
others. DN, dorsal nasal; VT, ventral temporal. 
39 
I H H H I D H I 
CHAPTER 2 EXPRESSION OF PKC ISOFORMS 
Figure 2.3 
Expression of PKC-pi is largely found in the growth cone core. E14 mouse 
retinal explants were dissected from peripheral regions of either the dorsal nasal (DN) 
or ventral temporal (VT) quadrants and cultured overnight. After fixation, 
immunocytochemistry was performed with an anti-PKC-pi antibody and growth 
cones were imaged with confocal microscopy. A-H: Confocal photomicrographs 
showing pseudocolor images of DN (A-D) and VT (E-H) retinal growth cones. Scale 
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Figure 2,4 
PKC-piI shows a punctuate appearance scattered over the whole growth cone. 
Explants were isolated from the peripheral parts of dorsal nasal (DN) and ventral 
temporal (VT) regions of E14 mouse retina. After culturing overnight, fixed growth 
cones were immunostained with an antibody against PKC-piI and imaged under the 
confocal microscope. A-H: Confocal photomicrographs depicting pseudocolor 
images of DN (A-D) and VT (E-H) retinal growth cones. Scale bars, A-H, 25 \im; 
the one in (A) is applied to all others. DN, dorsal nasal; VT, ventral temporal. 
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Figure 2.5 
Low level of PKC-y expression is evenly distributed within the growth cones. 
E14 mouse retinal explants were dissected from peripheral regions of either the 
dorsal nasal (DN) or ventral temporal (VT) quadrants and cultured overnight. After 
fixation, immunocytochemistry was performed with an anti-PKC-y antibody and 
growth cones were imaged with confocal microscopy. A-H: Confocal 
photomicrographs showing pseudocolor images of DN (A-D) and VT (E-H) retinal 
growth cones. Scale bars, A-H, 25 |im; the one in (A) is applied to all others. DN, 
dorsal nasal; VT, ventral temporal. 
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Figure 2.6 
Expression ofPKC-6 is largely detected in the filopodia. Explants were isolated 
from the peripheral parts of dorsal nasal (DN) and ventral temporal (VT) regions of 
E14 mouse retina. After culturing overnight, fixed growth cones were 
immunostained with an antibody against PKC-5 and imaged under the confocal 
microscope. A-H: Confocal photomicrographs depicting pseudocolor images of DN 
(A-D) and VT (E-H) retinal growth cones. Scale bars, A-H, 25 ^m; the one in (A) is 
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Figure 2.7 
PKC-s is strongly expressed in the growth cones with a localization dominant in 
the filopodia. E14 mouse retinal explants were dissected from peripheral regions of 
either the dorsal nasal (DN) or ventral temporal (VT) quadrants and cultured 
overnight. After fixation, immunocytochemistry was performed with an anti-PKC-s 
antibody and growth cones were imaged with confocal microscopy. A-H: Confocal 
photomicrographs showing pseudocolor images of DN (A-D) and VT (E-H) retinal 
growth cones. Scale bars, A-H, 25 jim; the one in (A) is applied to all others. DN, 
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Figure 2.8 
The relative average intensities of PKC isoforms in retinal growth cones after 
immunostaining. Growth cones from DN and VT explants of E14 mouse retina were 
pooled and analyzed together regardless of the retinal origin. Analyses were carried 
out with the MetaMorph software that was later compared statistically in the InStat 
software. A: Pixel intensity measurements of isoform expression within the whole 
growth cones. The six isoforms were then statistically compared (marked by 
asterisks; *P<0.05). B: The average intensities in the core and peripheral regions 
measured separately. Statistical comparisons within respective isoform were 
performed to illustrate the specific localization of them each (marked by asterisks; 
*P<0.05). Statistic analyses were executed using Kruskal-Wallis Nonparametric 
ANOVA test followed with Dunn's Multiple Comparisons test. Data are mean 士 
SEM (standard error of mean, error bars). 
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Figure 2.9 
No intensity difference between DN and VT growth cones immunostained 
with the same PKC isoform. Growth cones from DN and VT explants of E14 mouse 
retina treated with the same isozyme were measured separately and then compared. 
Pixel intensity measurements of isoform expression were performed in the 
MetaMorph software that was later statistically compared in the InStat software. A-B: 
Quantifications of the average intensities in the periphery (A) and core (B) of retinal 
growth cones after immunostained with respective PKC isoform. Statistics were 
calculated using Mann-Whitney non-parametric test. Data are mean 士 SEM (standard 
error of mean, error bars). 
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CHAPTER 3 
EFFECTS ON MOUSE NASAL AND TEMPORAL RETINAL NEURITES TO 
CHONDROITIN SULPHATES (CS) AFTER ALTERATION OF PKC 
ACTIVITY 
INTRODUCTION 
In the study of developmental neurobiology, there are still many ambiguities on 
the subject of how axonal growth is regulated and how they are accurately guided to 
their targets. Many research works in laboratories addressing this problem have used 
a two-step approach. The first step is to identify the potential molecules involved and 
their interactions with corresponding neuronal receptors. Then, investigation is 
extended to find out how these interactions influence the intracellular events that 
eventually lead to axon formation (Bixby, 1989). 
Throughout the retinofugal pathway, many molecules are known to direct the 
navigation of retinal axons. One of the better-studied molecules is chondroitin 
sulphate proteoglycans (CSPGs). CSPG is a family of complex molecules in the 
extracellular matrix and on the cell membrane that are found as components of 
multidimensional mechanisms that regulate cell-to-cell and cell-to-matrix 
interactions (Chung et al” 2000a). Structurally, they comprise a protein core with a 
number of glycosaminoglycan chains of the CS family covalently linked to it. In 
regard to its role in axonal growth, CSPG is generally inhibitory and provides an 
unfavorable environment for in-growing axons (Williams et al., 2004). Evidence has 
shown that this class of molecules, among several others in the optic chiasm, was 
sufficient alone to alter the paths of the uncrossed retinal axons and inhibit them from 
crossing the CS enriched chiasm midline (Chung et al., 2000b; Williams et al., 2004). 
However, the intracellular signaling molecules that mediate the CS-induced 
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inhibition are not clear. From a pool of molecules, one suspected candidate is protein 
kinase C (PKC). The action of PKC has been suggested to be involved in the guiding 
and controlling of axonal outgrowth at boundaries created by inhibitory matrix 
molecules (Powell et al., 2001). A previous study has shown that when PKC activity 
was downregulated and inhibited in vitro, more neurites from the rat cerebral cortex 
entered a nonpermissive astrocyte territory, where one key component of the 
restrictive boundary is CSPG (Powell et al., 2001). Another support comes from an 
observation of PKC inhibition dramatically reduced inhibition of CS to neurite 
outgrowth from central and peripheral neurons (Sivasankaran et al., 2003). These 
findings indicate a possible involvement of PKC in the mediation of CS-induced 
inhibition to the uncrossed retinal axons, resulting in the axon divergence of the 
uncrossed from the crossed components in the optic chiasm. 
Results from the previous chapter have provided evidence of the presence of 
PKC isoforms in the retinal growth cones. Various PKC isoforms are located in the 
growth cones, and each is observed to be different in terms of their degree of 
expression and their specific localizations. As the isoforms of PKC are seen 
concentrated in the growth cones, which are the parts on the axons responsible for 
sampling the environment and directing the axonal growth, modulations of PKC 
activity within the growth cones might alter axonal behavior to their surroundings. In 
the present study, it was aimed to explore the functions of PKC in the responses of 
retinal axons to a CS contact in vitro. The reaction of retinal neurites to CS was 
examined in a retinal explant culture when PKC level within growth cones were 
modified by activators and inhibitors. Retinal explants were dissected from E14 
dorsal nasal (DN) and ventral temporal (VT) retinas, where ganglion cells that 
project axons to the ipsilateral and contralateral optic tract reside respectively 
(Cheung et al., 2005). 
48 
CHAPTER 3 EFFECTS OF PKC MODULATIONS ON RETINAL NEURITES TO CS 
MATERIALS AND METHODS 
Animals and Tissue Preparation 
Pregnant mice of C57BL/6 pigmented strain that were time-mated were bred 
and obtained from the Animal House of the University. The day that the vaginal plug 
is found is denoted as embryonic day (E) 0. Pregnant mice were killed by cervical 
dislocation, and with Caesarean section, E14 embryos were removed. They were kept 
in chilled Dulbecco's modified Eagle's medium (DMEM) / F12 medium (Gibco, 
USA) containing penicillin (100 U/ml) and streptomycin (100 jig/ml) before 
decapitation. Prior to taking out the eye from the head, a small incision was made at 
the dorsal pole of the eye using tungsten needles. This incision marks the orientation 
of the eye. 
Retinal Explant Culture 
After cutting out the retina, pieces of explants (approximately 500 x 500 jxm )^ 
were dissected from the peripheral parts of the DN and VT regions. In the study of 
the effect of PKC modulation to neurites outgrowth, explants were evenly put on 
coverslips that were pre-coated with poly-L-lysine (25 ^g/ml; Sigma, USA) and 
laminin (12.5 |ig/ml; Gibco, USA). As for the study of the effect on neurites to CS 
after alteration of PKC activity, spots of CS (10 mg/ml) were coated on the 
coverslips in addition to the pre-coating of poly-L-lysine and laminin. The CS spots 
included CS solution of CS A, B and C (all from Sigma, USA), laminin (12.5 |ig/ml) 
and goat anti-rabbit IgG Alexa Fluor 568 antibody (2 |ig/ml; Molecular Probes, USA) 
diluted in 0.1 M phosphate buffered saline (PBS; pH7.4). The fluorescent antibody 
was used to mark the spot boundary. Explants were grown in vicinity (100-500 |im) 
to the CS spots. In both experiments, the explants were then cultured at 37®C for 18 
hours in DMEM/F-12 medium including penicillin (100 U/ml), streptomycin (100 
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^ig/ml), N1 (Ix; Sigma, USA), 1% bovine serum albumin (BSA; Sigma, USA) and 
0.4% methylcellulose (Sigma, USA), allowing sufficient time for extensive neurite 
outgrowth. 
In the experimental groups of both experiments, PKC modulators were added 
before incubation. At final concentrations of 5 nM and 100-fold of it at 500 nM, both 
within the effective dosage range of this activator (Bonsall and Rehder, 1999), PMA 
(phorbol 12-myristate 13-acetate; Calbiochem, USA) dissolved in dimethyl 
sulphoxide (DMSO; Sigma, USA) was added to the culture medium for the first 2 
hours of culture, washed 3 times and then replaced with normal medium. This is 
because while a short period of exposure to PMA activates PKC, prolonged exposure 
would have opposite effects to the enzyme's activity (Darbon et al., 1987). Go6976 
(Calbiochem, USA) dissolved in DMSO was tested at the concentrations of lOnM 
and 100 nM, where lOOnM has been proven potent in several other experiments 
(Schrenk et al., 2002; Sivasankaran et al., 2004). Ro-32-0432 (Calbiochem, USA), 
also dissolved in DMSO, was added in a final concentration of 10 |iM, an effective 
dilution indicated by other studies (Chergui and Lacey, 1999). These two inhibitors 
were kept in the medium throughout the culture period. Control explant cultures 
received no addition of PKC modulators to the culture medium. Also, in the study of 
the effect on neurites to CS, no CS solution was added to the spots of the controls. 
Imaging and Analyses 
After culture, the retinal explants were fixed for 1 hour in 4% paraformaldehyde 
(in 0.1 M phosphate buffer; pH7.4). They were then washed 3 times with 0.1 M 
phosphate buffered saline (PBS; pH7.4). The coverslips containing the fixed explants 
were mounted in glycerol (1:1 in PBS; from Sigma, USA) and imaged using the 
Neurolucida Image Analysis System (MicroBrightField Inc., USA) fitted with a 
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digital camera connected to an Axioplan 2 photomicroscope (Zeiss, Germany). Phase 
contrast image of the neurite outgrowth was captured by the Neurolucida software 
(MicroBrightField Inc., USA). Fluorescent image of the CS spot was visualized and 
acquired with fluorescent optics connected to the digital camera and 
photomicroscope. 
Using the MetaMorph software (Universal Imaging Co., USA), the neurite 
outgrowth was scored as pixel intensities. In cultures investigating the effect of PKC 
modulation alone, the total neurite outgrowth was measured. The data obtained in 
experimental groups were compared statistically with the control using the InStat 
software (GraphPad, USA). In the examination of the effect of altering PKC activity 
on neurites to CS, the total neurite outgrowth and the neurite growth within CS 
boundary were quantified. A percentage of neurite growth in CS spot versus the total 
neurite outgrowth was calculated. Percentages between different treatment groups 
were compared to determine the influence of PKC modulation on CS contact of 
neurite outgrowth from DN and VT retinas. Statistical analyses of the percentages 
were performed in the InStat software. For the preparation of the figures, the phase 
contrast images of the explants were further processed with the Photoshop software 
(ver 6.0, Adobe, USA). Explants from 177 E14 embryos were included in this study. 
RESULTS 
PKC Modulations Did Not Affect Neurite Outgrowth In Vitro 
With the intention to determine whether alterations of PKC activity affect 
neurite growth, the outgrowths from E14 retinal explants were investigated in a 
laminin and poly-L-lysine background. Both molecules are efficient in promoting 
cell adhesion and attachment, while laminin also stimulates neurite outgrowth (Bixby, 
1989). 
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In the control preparations of explants from DN (n = 23) and VT (n= 19) retinas, 
extensive neurite outgrowth was observed (Fig. lA-B). The neurites extended from 
the explant in all directions. In most retinal explants, 18 hours of culture period 
allowed the neurites to grow almost two-fold longer than the diameter of the explant. 
There was no difference between the neurite growth from DN and VT retinas; pixel 
intensities measured were 109420 土 10958 and 107467 士 10839 respectively (P = 
0.9195, Mann-Whitney test). 
No Significant Difference was Observed after PKC Activation by PMA 
PMA, a PKC activator, was tested at concentrations 5 nM (DN: n = 13, VT: n = 
14) and 500 nM (DN: n = 13, VT: n = 15) to investigate its effect on neurite growth. 
From the images, the neurite outgrowth morphology looked analogous to the controls. 
Yet, there seemed to be a trivial increase in the number of neurites observed in the 
DN and VT explants in both concentrations (Fig. IC-F). The neurites appeared to be 
more packed around the explant and in tighter connections. The pixel intensities 
measured illustrated similar. The tested groups all had medians larger than their 
respective control (DN 5 nM: 125902 ± 9419.6, 500 nM: 136993 ± 6941.3; VT 5 nM: 
146647 士 10986，500 nM: 118883 ± 12083). Even so, these increments were not 
observed in the statistics (Fig. IG). Analyses showed that neither concentration 
generated significant differences from the controls (DN: P = 0.0949, VT: P = 0.0660, 
Kruskal-Wallis Nonparametric ANOVA test followed with Dunn's Multiple 
Comparisons test). Also, on the evenly coated substratum, neurite growth between 
DN and VT retinal explants in the same PMA concentration did not differ 
significantly. P value obtained from the statistical application of Mann-Whitney test 
in the treatment with 5 nM PMA was 0.1546 and 0.3874 in 500 nM. Thus, addition 
of PMA failed to produce any noteworthy differences to the neurite outgrowth. 
52 
CHAPTER 3 EFFECTS OF PKC MODULATIONS ON RETINAL NEURITES TO CS 
Inhibition of PKC Activity did not Changed Neurite Growth 
The PKC inhibitors also lacked effect on neurite growth from retinal ganglion 
cells in vitro. Two specific inhibitors of the enzyme, Go6976 and Ro-32-0432, were 
used to assess the influence of reduced PKC activity to neurite outgrowth. Go6976 
was tested at a final concentration of 100 nM (DN: n = 14, VT: n = 17), and 
Ro-32-0432 at a concentration of 10 |iM (DN: n = 15, VT: n = 18). Based on direct 
observations, the appearance of neurites growing out of the explants was of no 
obvious difference from that of the control explants. The extension of neurites from 
both DN and VT retinas of Go6976-treated (Fig. 2C-D) and Ro-32-0432-treated (Fig. 
3C-D) explants seemed the same as controls (Fig. 2A-B, 3A-B). 
Statistical analyses also revealed that in both treatments, the amount of neurites 
from the two retinal regions was not significantly different from the controls of the 
same region. In the Go6976 preparation (Fig. 2E), neurite outgrowth from DN retina 
maintained at a similar pixel intensity as control with a measurement of 108764 士 
14798 (P = 0.8879, Mann-Whitney test). On the other hand, there was a small 
increase of neurite growth from VT retina (143639 ± 13326), though it was not 
significant from the VT control (P = 0.0573, Mann-Whitney test). In the Ro-32-0432 
preparation (Fig. 3E), neurite growth from both DN and VT explants increased 
slightly. Pixel intensities measured were 122295 ± 13631 and 131298 ± 9748 
respectively. Similar to the Go6976 experiment, the increments were not 
significantly deviated from the controls (DN: P = 0.4031, VT: P = 0.0918, 
Mann-Whitney test). In addition, comparisons between measurements of DN and VT 
under the same tested concentration were not statistically significant in either 
inhibitor (Go6976: P 二 0.1087, Ro-32-0432: P = 0.4211, Mann-Whitney test). 
Results of the PKC inhibitors therefore suggested that the downregulation of PKC 
activity does not affect neurite growth in vitro. 
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As a summary, in an environment evenly coated with laminin and poly-L-lysine, 
neither activator nor inhibitors of PKC activity impinge on retinal neurite growth. 
Activation of the enzyme seems to promote neurite outgrowth, coinciding with the 
findings on laminin substrate that PKC activation was involved in the signaling 
mechanism of laminin in vitro (Bixby, 1989). 
Changes in Neurite Growth to CS Contact after Alteration of PKC Activity 
CS Selectively Inhibited Neurite Outgrowth from VT Retina 
Using the same retinal culture system, the effect of PKC modulation on neurite 
growth to CS, an extracellular matrix molecule in the optic chiasm, was examined. In 
addition to the pre-coatings of laminin and poly-L-lysine, spots with or without CS 
were also coated, succeeding the pre-coatings, that could be identified by the 
fluorescent signal of an antibody (Fig. 4B). Retinal explants were put some distance 
away from the spots to investigate their reactions upon contacting CS. They were not 
seeded directly next to the spots so that observation upon neurite extension, which is 
the process carried out by retinal axons as they encounter the CS rich chiasm midline 
in the actual retinofugal pathway, but not neurite initiation, can be obtained. 
In the spot control preparations, no CS was contained within the spot solution 
and thus should not generate any inhibitory effects of CS on neurite growth 
(Williams et al., 2004) Indeed, neurites from both DN (n = 28) and VT (n = 38) 
explants entered the spot territory freely (Fig. 4A and C). Neurites grown on the side 
facing the control spot invaded the zone directly, while those further away on 
opposite sides were not affected by the presence of the spot and extended evenly on 
the background coatings in straight paths. Measurements of the pixel intensity 
showed that roughly 10% of the total outgrowth from the explants went into the spot 
region (DN: 10.313 ± 1.156, VT: 12.896 ± 2.255). Statistical comparison between the 
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two retinal regions also indicated that there was no significant variation in the 
percentage of neurites into the spot (Fig. 4F). P value obtained from a Mann-Whitney 
test was 0.8814. 
When a concentration of 10 mg/ml CS was incorporated in the spot, the 
behavior of neurites from DN (n = 27) and VT (n = 40) retinas in contact with the 
spot differed drastically. The most obvious disparity was the inhibition of VT 
neurites from entering the CS spot (Fig. 4E), while those from DN retina were 
unaffected (Fig. 4D). Neurites from VT explants avoided marching into the CS 
boundary. Instead, in many preparations, most neurites turned away from the spot 
and just grew along the spot perimeter (Fig. 4E). In contrast, neurites in the DN 
preparations behaved similarly as in the spot control. Even with the presence of CS, 
they continued to invade the spot freely and grew straight into it (Fig. 4D). Yet in 
some explants, it was observed that the degree of growth into the CS spot was not as 
extensive as in the DN spot control. The neurites, after entering the spot, appeared to 
be inhibited by the CS setting and growth ceased (Fig. 7A). Quantification of 
neurites also demonstrated this selective avoidance manner of the VT neurites. 
Whereas the percentage of neurites from DN explants in CS territory, despite a small 
reduction, maintained at a similar level as its spot control at 8.267 ± 1.628, the 
percentage of VT neurites in CS spot dropped to about one-sixth of that in the spot 
control, measuring only at 2.969 ± 0.6930. This fall in percentage of neurites from 
VT explants was of extreme significance when analyzed statistically (Fig. 4F). P 
value of the VT region was too small to be calculated, with a value smaller than 
0.0001 (P<0.05, Mann-Whitney test). On the other hand, statistical analysis of the 
DN neurites showed that the neurite entry into the spot did not differ notably from 
the spot control (P 二 0.0845, Mann-Whitney test). As a consequence, the percentages 
of neurite ingrowth in the CS preparation of the two retinal regions were significantly 
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different; P value of the comparison was 0.0005 (P<0.05, Mann-Whitney test). Thus, 
the results indicated that CS at a concentration of 10 mg/ml could significantly 
suppress neurite entry from the VT retina into a CS rich zone, while having no 
apparent effect to the DN neurites. This set of experiment went on to act as a control 
group, namely the CS control, in later parts of the study in the examination of the 
effect of PKC modulation on neurite growth in contact with CS. 
Treatment with PKC Activator PMA Did Not Alter the Behavior of DN and VT 
Neurites to CS Boundary 
To investigate the effect of PKC modulation on neurite outgrowth upon a CS 
contact, the activity of the enzyme was first elevated with the PKC activator PMA. 
Neurite growth from DN and VT retinas were examined in PMA concentrations of 5 
nM (DN: n 二 7, VT: n = 13) and 500 nM (DN: n = 10, VT: n = 9). From the images, 
it was very obvious that DN and VT neurites responded differently to the CS territory 
(Fig. 5C-F). However, there was no apparent difference in the amount of neurites 
growing into the spots of the treated groups and their respective CS control. Similar 
to the behavior of neurites without PMA application, neurites from the DN retina 
continued to enter the CS territory without restraint (Fig. 5C and E), while those 
from VT region carried on with their entry avoidance (Fig. 5D and F). 
Measurements of neurites growing into the CS spot confirmed the direct 
observations. The substantial difference between DN and VT explants evident in the 
CS controls was still noted in explants treated with the same dilution of PMA (Fig. 
5G). At the PMA concentration of 5 nM, percentage of DN neurite entry remained 
high at 6.720 ± 1.696, while that of VT stayed at a low level of 2.302 ± 0.9323. 
Likewise, a high percentage of 7.724 ± 2.148 was measured in the explants of DN 
retina treated with 500 nM PMA, and a low percentage of 1.348 ± 0.4579 was 
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quantified in the VT explants. As in the CS controls, quantitative analyses showed 
that the responses of neurites from DN and VT explants differed significantly. P 
value in 5nM PMA was 0.0085 and 0.0435 in 500 nM (P<0.05, Mann-Whitney test). 
It was noted that the percentages of retinal neurites invading the CS territory 
maintained at similar levels as their respective controls. The analogous differential 
responses of DN and VT neurites to their non-treated control were not due to a 
sudden rise or fall in the percentages of neurite entry in the PMA-treated groups. As 
observed in the DN cultures, both PMA-treated groups yielded a percentage that was 
parallel in extent as its CS control, with measurements of 6.720 士 1.696 in 5 nM and 
7.724 ±2.148 in 500 nM. While there appeared to be a reduction in the percentage at 
5 nM, it, along with the 500 nM percentage, was not statistically different from the 
DN CS control (P = 0.9987, Kruskal-Wallis Nonparametric ANOVA test followed 
with Dunn's Multiple Comparisons test). Correspondingly in the VT cultures, 
percentage of neurites stayed akin as the CS control, measuring at 2.302 士 0.9323 
and 1.348 士 0.4579 in 5 nM and 500 nM respectively. Again, such changes in the VT 
groups were not statistically significant to those without treatment (P = 0.8431, 
Kruskal-Wallis Nonparametric ANOVA test followed with Dunn's Multiple 
Comparisons test). Variations among the tested groups of the same retinal region 
were not significantly greater than expected by chance. Together with the above 
findings, this indicated that DN and VT neurites under the same PMA treatment 
generated the same reactions to CS encounter as those in the CS controls. PKC 
activation was ineffective in the alteration of retinal neurites behaviors upon a CS 
contact. 
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Inhibition of PKC by G66976 Caused Drastic Escalation of Neurites from VT Retina 
into CS Zone 
The influence of PKC modulation was further examined with PKC activity 
inhibited. Go6976, the first inhibitor tried, was tested in concentrations 10 nM (DN: 
n 二 7, VT: n = 12) and 100 nM (DN: n = 13, VT: n = 10). From simple observations, 
while there appeared to be no variation in DN neurite incursion (Fig. 6C and E), 
applications of Go6976 to VT explants showed a dramatic increase in neurite entry 
into the CS region (Fig. 6D and F). Invasion of VT neurites seemed to be of greater 
extent as Go6976 concentration increased. Indeed, the percentages of neurites into 
CS spot revealed that both treated groups of VT explants had percentages much 
elevated than the controls (Fig. 6G). 
More specifically, neurites from the VT retina showed a direct dose-dependent 
relationship. Percentage of neurites jumped from 2.969 士 0.6930 in VT CS control, 
to 8.293 土 1.497 in 10 nM and 9.766 ± 2.412 in 100 nM. The escalation in both 
Go6976-treated sets was significantly varied from the control, which was indicated 
by a P value of 0.0002 (Kruskal-Wallis Nonparametric ANOVA test followed with 
Dunn's Multiple Comparisons test). In the DN preparations, both treated groups had 
more or less similar percentages as its CS control, with measurements of 9.132 士 
1.926 in the concentration of 10 nM and 6.487 ± 1.721 when 100 nM was applied. 
Variations of the groups after treatment were not considerably different from the CS 
control (P = 0.3988, Kruskal-Wallis Nonparametric ANOVA test followed with 
Dunn's Multiple Comparisons test). Results from G66976 suggested that the 
inhibitor reduced the inhibitory effect of CS to VT neurites, thereby allowing more 
neurites to invade the previously forbidden CS zone. 
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Ro-32-0432 Dramatically Increased Entry of VT Neurites into CS Territory 
The effect of another PKC inhibitor, Ro-32-0432, was assessed at a 
concentration of 10 i^M (DN: n = 10, VT: n = 18). Similar observations were noted 
as those in the Go6976 experiment. In the images of Ro-32-0432-treated explants, 
extensive growth of neurites within the CS spot was remarked in both DN and VT 
regions (Fig. 7C-D). Neurites ingrowth from VT explants was obviously much more 
than the CS control (Fig. 7B). This trend was also revealed when pixel intensities 
were measured. Percentage of neurites into CS region of VT explants jumped from 
2.969 士 0.6930 in the control to 6.406 士 0.9338 after Ro-32-0432 treatment. This 
upsurge of neurite entry into CS territory from the VT retinal region was clearly 
demonstrated in the statistics (Fig. 7E), which indicated the increment between spot 
control and experimental group of VT neurites was extremely significant (P = 0.0002, 
Mann-Whitney test). On the other hand, measurement of the percentage in DN 
invasion stayed relatively steady as its CS control at 7.456 ± 1.696. P value of DN 
neurites, calculated to be 0.9598 (Mann-Whitney test), was considered not 
significantly different from the DN control. The effect of Ro-32-0432, as that in 
Go6976, indicated that inhibiting PKC activity lessened the CS-induced inhibition to 
neurites from the VT retina, permitting them to enter the CS abundant region. 
In brief，the findings suggest the involvement of PKC in the CS-induced 
inhibition to retinal neurites. While PKC activation by PMA is unable to modify the 
differential behaviors of neurites from DN and VT retinas, results from G66976 and 
Ro-32-0432 show consistently that inhibition of PKC activity significantly increase 
neurites from VT retinal explants to grow into CS territory, at the same time not 
affecting the performance of neurites from the DN retina. 
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DISCUSSION 
The present study has investigated the possible functions of PKC in the 
responses of retinal axons, projected from DN and VT regions of E14 mouse retina, 
to a CS contact in culture. As a control, explants were first planted on a uniform 
background of cell adhesive molecules poly-L-lysine and laminin, of which laminin 
is also a growth promoting agent. These molecules provide a setting that encourages 
the extensive neurite outgrowth from retinal explants. Addition of PKC modulators 
to these preparations causes no significant variation of neurite growth, suggesting 
that neither activation nor inhibition of PKC activity in this environment affects 
neurite development. In the experiment focused, spots of CS were added on top of 
the growth permissive background. To demonstrate that changes in reaction of retinal 
neurites upon encountering CS were solely due to PKC modulations, some 
preparations were set up without CS in the spots. The free access of neurites into the 
spots indicates that the coating procedure, along with the addition of antibody in the 
spots, does not generate obvious influence to neurite growth. It was found in this 
experiment that a contact with CS selectively inhibits the growth of VT neurites. 
Treatment with PKC activator PMA fails to change the responses of neurites from 
the two retinal regions to a CS contact. On the other hand, the inhibitors G66976 and 
Ro-32-0432 show constancy in their promoting effect of VT neurites to cross the CS 
boundary, which is similar to the findings in the rat cerebellar granule neurons that 
inhibiting PKC activity stimulates neurite growth on CSPGs (Sivasankaran et al., 
2004). 
Roles of PKC in the Stimulation of Neurite Outgrowth by Laminin 
In the results of retinal explants growing on an even substratum of laminin and 
poly-L-lysine, the addition of PMA seems to have a positive effect on neurite growth. 
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Though statistical insignificant, the activation of PMA increases neurite outgrowth 
from both DN and VT explants, and was observable in all the concentrations tested. 
The reason may lie in the involvement of PKC, specifically activation of the kinase, 
in the laminin-induced stimulation in vitro (Bixby, 1989). In a previous study, Bixby 
(1989) investigated the intracellular signaling molecules that play roles in the 
induction of neurite outgrowth by extracellular matrix (ECM) molecules. It was 
identified that PKC activation is a key and necessary step for the stimulation of 
laminin. PMA, activator of PKC, enhances neurite outgrowth from chick ciliary 
ganglion neurons cultured in a laminin environment. Findings in the current research 
agree with the preceding results, showing the participation of the kinase in 
laminin-stimulated neurite growth in the mouse model. The influence of 
poly-L-lysine appeared not to be the cause of the heightened neurite outgrowth, as in 
the same study (Bixby, 1989), it was determined that activation of PKC on an 
adhesive non-ECM substrate alone was not sufficient to provoke neurite outgrowth. 
Though it should be noted that the collective coating of poly-L-lysine with laminin 
might modulate the laminin-mediated effects, and the responses might not be same in 
different neuronal types, this explanation seems most likely to account for the trivial 
increase of retinal neurite outgrowth after PKC activation in this experiment. 
Functions of PKC in the Responses of DN and VT Neurites to a CS Contact 
CS Contact Induced a Selective Inhibition of Neurites from the VT Retina 
In this study, a spot of CS at the concentration of 10 mg/ml successfully 
generates a regionally specific response to retinal neurites. While the CS boundary 
restricts neurites ingrowth from the VT explants in the CS controls, there is little 
effect on the DN neurites. This CS-induced selective inhibitory result coincides with 
those from a previous experiment (Cheung et al” 2005) where similarly, neurites 
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from the VT retina selectively avoided the CS territory and grew alongside the 
boundary, yet those from the DN region were not affected and continued to invade 
freely into the CS zone. Together, these findings support the importance of CS in the 
regulation of the axon divergence pattern at the optic chiasm. At this fiber order 
change, crossed and uncrossed retinal axons segregate from each other at the chiasm 
midline to enter different optic tracts, where most of the uncrossed axons come from 
the ventral temporal region of the retina (Guillery et al., 1995; Mason and Sretavan, 
1997; Chung et al., 2000b). It has been found in the same period that CS is expressed 
on the chiasmatic neurons at the midline of the optic chiasm (Chung et al., 2000a). 
Based on the facts that CS is localized in the proper region at the correct time, and 
the selectivity of its inhibitory action to the VT uncrossed axons, it is very likely that 
CS is the main contributor in the formation of the divergence pattern during 
development. 
A CS concentration of 10 mg/ml was chosen for the in vitro experiment, as it 
has been shown that only at a critical concentration of CS will there be a selective 
inhibition of neurites from different retinal regions (Cheung et al., 2005). In an in 
vitro experiment on chick dorsal root ganglion neurons, Snow and her colleagues 
(2002) revealed the essentiality of a ratio of growth promoting and growth inhibitory 
molecules in the regulation of neuronal growth cones. Whereas a high ratio of 
repressing molecule such as CSPGs completely inhibited neuronal growth, this 
action is abolished in the opposite condition by a high ratio of growth promoting 
molecule like laminin. The same ratio necessity is also found in the mouse model, 
such that a selective inhibition of CS to neurites from different retinal regions is not 
produced at territories with too high or too low concentrations of CS to laminin ratio 
other than 10 mg/ml (Cheung et al., 2005). The significance of the ratio may be 
reflected in vivo, where other guidance molecules are also located at the midline of 
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the optic chiasm. In particular, there is the presence of growth promoting molecules 
LI and sialylated NCAM on the surface of the chiasmatic neurons that expressed the 
CSPGs (Sretavan et al., 1994; Chung et al., 2004). However, the answers to whether 
these molecules interact with CSPGs, and the specific ratio of these promoting and 
inhibiting molecules to generate the selective inhibition that may bring about axon 
divergence at the optic chiasm, remains to be identified. 
In a more general view, the CS control results showed that the percentage of 
neurite entry into the CS spot from both retinal regions decreases. Regardless of the 
larger reduction of the VT neurites than the DN ones, this clearly demonstrates the 
inhibitory nature of CS and that it alone is sufficient to induce inhibition on neurite 
growth. In the retinofugal pathway, though the suppressive action of CS is ineffective 
to delimit the crossed axons in the midline of the optic chiasm, it is capable of 
exerting influence on this group of axons at other choice points in the ventral 
diencephalon. In the chiasm and tract junction, CS has been found to play a role in 
the chronotopic fiber rearrangement of the crossed axons (Leung et al., 2003). 
Enzymatic removal of CS instigates a loss of the age-related axon order in the optic 
tract, allowing the growth cones that were once limited to only the subpial part to 
disperse throughout the depth of the tract. In the same part of the pathway, over 
expression of CS by exogenous application causes pathfinding errors of this cohort 
of axons in the Xenopus (Walz et al., 2002). Also, at the junction of the diencephalon 
and telencephalon of the chick, CS secreted by the telencephalic cells prevents 
inappropriate projections of the crossed axons into the telencephalon, maintaining 
them congregate in the optic tract (Ichijo, 2004). Thus, CS is potentially restrictive to 
the crossed axons at other points of the pathway, and this maybe the reason that lies 
behind the slight inhibitory action of CS to neurites from DN retina. 
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PKC Inhibition by Gd6976 and Ro-32-0432 Abolished the Selective Inhibition ofCS 
to VT Neurites 
Inhibition of PKC activity by both inhibitors Go6976 and Ro-32-0432 caused a 
rise in the percentage of VT neurites entering the CS zone. Moreover, it is noted that 
the increment in entry in Go6976 preparations followed a dose-dependent manner. 
When Go6976 concentration increases from 10 nM to 100 nM, percentage of VT 
neurites invading the CS regions escalated accordingly. Results in this experiment is 
similar to those from Sivasankaran and colleagues (2004), indicating that indeed the 
inhibitory effect of CS to neurites grown into this nonpermissive region could be 
reduced by the inhibition of PKC activity within the retinal growth cones. 
It should be noted that CS are only suppressive to neurite outgrowth when the 
neurites grow from a supportive substrate, in this case laminin, to the CS territory, 
but not when the neurites are directly exposed to the growth inhibiting CS substratum 
(Cheung et al., 2005). The introduction of retinal neurites first to a growth supporting 
setting seems to be important in causing the differential sensitivity of neurites to CS. 
In this study, the effect of PKC modulations to neurites grown directly on a CS rich 
region is not investigated, but based on the above requirement to initiate the 
inhibitory characteristic of CS, it is speculated that the addition of PKC modulators 
will not cause any differential behavior of neurites from different retinal regions to 
CS, generating results similar to those in a uniform background of laminin and 
poly-L-lysine. 
While the inhibitors of PKC effectively abolished the selective inhibition of CS 
to VT neurites and allowed more neurites to enter the CS spots, activation of PKC 
activity by PMA failed to produce any noteworthy changes to neurite growth and VT 
neurites continued to be suppressed by CS. The fact that only PKC inhibition 
releases the VT neurites from CS-induced inhibition suggests that PKC takes an 
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activated form in the retinal growth cones during axon navigation. As PKC is already 
in its ‘on, state, neurite behaviors can only be altered by inhibiting PKC and not by 
further activating it. This puts forward a possible mechanism behind the selective 
inhibition of CS in the retinofugal pathway, which might be due to the activation of 
PKC activity in the uncrossed axons upon reaching the CS-dominant chiasm midline. 
When growth cones from the VT retina contact CS, CS molecules will bind to 
receptors located on the filopodia. This triggers the activation of PKC, causing the 
growth cones to respond to the CS-induced inhibition and avoid growing into the 
CS-rich territory. In turn, this will suppress the cohort of axons from passing through 
the midline and into the optic tract on the same side. In the DN growth cones, there 
might not be any receptors on the growth cones that bind to CS. CS contact will then 
not affect PKC activity, allowing these CS inert growth cones to continue growing 
into CS zone. Even if there are receptors, there might only be a few present that 
interact with CS molecules. PKC are then not fully activated for growth cones to be 
responsive to CS-induced inhibition, and once again, DN growth cones can continue 
their growth into the CS-rich region. In both cases, this will enable axons to cross the 
CS-dominant chiasm midline and into the opposite optic tract. More work will have 
to be performed in determining the state of the kinase, whether it is activated or 
inhibited, in retinal growth cones during the navigational and divergence process, 
and the corresponding receptors that bind to the extracellular CSPG. 
Conventional Isoforms of PKC Contributes to the Differential Responses of Neurites 
toCS 
Another finding is that the PKC modulators used, except activator PMA, were 
able to exert their effects profoundly on the retinal neurites and cause them to change 
their response significantly upon a CS contact. One explanation can be attributed to 
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the dominant expression of the conventional PKC isoforms. While almost all the 
PKC isoforms have been discovered in brain tissues (Powell et al., 2001), the 
conventional a and (3 isoforms are found to be the most abundant in the murine retina 
and retinal ganglion cells (Kosaka et al., 1998). In addition, results from the previous 
chapter have shown that the expression of a and pi were the most intense compared 
to others tested in the retinal growth cones. 
All three PKC modulators actually have the greatest impact on the conventional 
isoforms. As a phorbol ester, PMA focused in activating the kinase activity of the 
conventional (a, (31, pil and y) and novel (5, s, r|, 0 and |x) subtypes, which are both 
phorbol ester sensitive. The very specific inhibitor Go6976 only selectively inhibits 
the Ca -dependent conventional isoforms of a and pi. Similarly, the inhibitory 
Ro-32-0432 particularly selects a and (31 to exert its effect, ten- and four-fold greater 
the selection than the novel s isozyme respectively (Wilkinson et al., 1993). 
Direct evidence that demonstrates the value of the PKC conventional isoforms 
have shown that the isoforms in this subgroup are key components in the signaling 
pathways that mediate the CSPGs-induced inhibitory activities of the glial scar 
(Sivasankaran et al., 2004). Together with the impact the PKC modulators have on 
the retinal neurites to CS contact in this study, it is confident to conclude the 
importance and involvement of conventional PKC isoforms in the mediation of 
CS-induced inhibition. The fact that PMA modulation did not render behavioral 
changes of the retinal neurites does not rule out the involvement of the conventional 
isoforms, rather, this just provide more support to the minifying action of PKC 
inhibition on the inhibitory effect of CS. 
Results in the current study strengthen the claim that PKC is involved in 
mediating the signaling pathway of CS-induced inhibition. In particular, 
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conventional isoforms concentrated in the growth cones are of special importance. 
From the findings, modulation of PKC activity gives rise to different reactions of 
retinal neurites from DN and VT retinas to CS contact, for example in the treatment 
with the PKC inhibitors. This suggests that undeniably, axons from retinal ganglion 
cells located in different parts of the retina do response to PKC modulation and 
behave differently. Such difference in behavior of axons might provide the basis for 
the divergence pattern at the optic chiasm. 
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Figure 3.1 
No effects of PKC activation on neurite outgrowth. A-F: E14 mouse retinal 
explants were dissected from peripheral regions of either the dorsal nasal (DN) or 
ventral temporal (VT) regions and planted on an even substratum of laminin and 
poly-L-lysine. After culturing overnight, outgrowth of neurites was observed and 
captured using the Neurolucida Image Analysis System, and analyzed with the 
MetaMorph software. A-B: Phase contrast micrographs depicting neurite outgrowth 
from retinal explants in the control preparations without treatments. C-F: Retinal 
neurite outgrowth in the PMA-treated groups with PKC activity activated. 5 nM (C-
D) and 500 nM (E-F) of PMA, as indicated, were added to the medium before 
culture. Scale bars, A-F, 500 |im. DN, dorsal nasal; VT, ventral temporal. 
Quantification of neurite outgrowth after PMA treatment. G: Measured pixel 
intensities of neurite outgrowth were statistically compared between the PMA-treated 
groups and their respective controls by the InStat software. Statistics was calculated 
using Kruskal-Wallis Nonparametric ANOVA test followed with Dunn's Multiple 
Comparisons test. Data are mean 士 SEM (standard error of mean, error bars). 
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Figure 3.2 
No effects of PKC inhibition by Go6976 on neurite outgrowth. A-D: Explants 
were isolated from the peripheral parts of dorsal nasal (DN) and ventral temporal 
(VT) quadrant of E14 mouse retina, and cultured overnight on an even backdrop of 
laminin and poly-L-lysine. Neurite outgrowth was then observed and imaged with 
the Neurolucida Image Analysis System, and further analysis was carried out using 
the MetaMorph software. A-B: Phase contrast micrographs showing neurite 
outgrowth in the DN (A) and VT (B) controls. C-D: Retinal neurite outgrowth in the 
groups treated with Go6976, where 100 nM, as indicated, was added to the medium 
prior to culture. Scale bars, A-D, 500 [im. DN, dorsal nasal; VT, ventral temporal. 
Quantification of neurite outgrowth from E14 retinal explants after treatment 
with Go6976. E: Statistical analysis in the InStat software compared the amount of 
neurite outgrowth from the two retinal regions in the experimental groups with the 
controls of the same region. Analysis was performed using Mann-Whitney non-
parametric test. Data are mean 士 SEM (standard error of mean, error bars). 
69 
A ^ B , 
.i、， 、 ？ 1 . ' •. ；. . ： i n - . � ] � . . 
. . 誦 : : : ， ： ： 觀 : ( . 」 
• \ . - " V " . » 





C . D 
• • • • • • . 
• \ ' • ‘ � • • 
. . . z �. V • ： • ；： St a ’ �f ’ � • 
• • -'�...  Vh � • � . . . . . ‘ � � . . . / . . • . - . . . 
G66976'100nM - ~ ~ — G66976:1:0‘bnM ——一 
E 160000 = 
140000 ^  
t 120000 J —J；^；；；^^ !  
I 100000 丨 ， ^ ^ r ^ ^ H ~ ra 
80000 ^ | _ V T | 
60000 ^ ^ ^ ^ H  
40000 ^  
20000 ^ ^  
0 1 ^  
0 100 
Concentration of Gd6976 (nM)  
N = 23 19 14 17 
Mann-Whitney non-parametric test 
CHAPTER 3 EFFECTS OF PKC MODULATIONS ON RETINAL NEURITES TO CS 
Figure 3.3 
No effects of PKC inhibition by Ro-32-0432 on neurite outgrowth. A-D: E14 
mouse retinal explants were dissected from peripheral regions of either the dorsal 
nasal (DN) or ventral temporal (VT) regions and placed to grow on an even 
substratum of laminin and poly-L-lysine. After culturing overnight, outgrowth of 
neurites was observed and captured using the Neurolucida Image Analysis System, 
and analyzed with the MetaMorph software. A-B: Phase contrast micrographs 
depicting neurites outgrowth in the DN (A) and VT (B) controls. C-D: Outgrowth of 
retinal neurites after PKC inhibition by Ro-32-0432 at 10 [iM, as indicated, that was 
added before culture. Scale bars, A-D, 500 |im. DN, dorsal nasal; VT, ventral 
temporal. 
Quantification of neurite outgrowth after Ro-32-0432 treatment. E: Statistical 
analysis comparing neurite outgrowth in the Ro-32-0432 preparations and the 
controls was performed with the InStat software. Statistics was calculated using 
Mann-Whitney non-parametric test. Data are mean 士 SEM (standard error of mean, 
error bars). 
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Figure 3.4 
CS contact elicits a selective inhibition of neurites from the VT retina. 
Explants were isolated from the peripheral parts of dorsal nasal (DN) and ventral 
temporal (VT) quadrant of El4 mouse retina. After culturing overnight, neurite 
growth was observed and captured using the Neurolucida Image Analysis System, 
and analyzed with the MetaMorph software. A-C: Phase contrast micrographs 
displaying neurite growth from DN (A) and VT (C) explants in the spot control 
preparations, where no CS was added into the spots. B: The fluorescent antibody 
serves as a marker for the spot boundary, which is pointed by white arrows, and is 
signified by a black curve in all other micrographs. D-E: Responses of retinal 
neurites to a CS coated territory. Scale bars, A-E, 500 |xm; the one in (A) is applied 
to (B). DN, dorsal nasal; VT, ventral temporal; CS, chondroitin sulphate. 
Quantitative measurements of neurite growth in the spot region, expressed as 
a percentage of neurites in spot versus total outgrowth. F: The percentages of 
neurites from explants in 10 mg/ml CS territory were statistically compared with the 
spot controls. Statistics was calculated using Mann-Whitney non-parametric test in 
the InStat software. Data are mean 士 SEM (standard error of mean, error bars). 
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Figure 3.5 
Treatment with PKC activator PMA does not alter the behavior of neurites 
from DN and VT explants to CS boundary. A-F: Explants were isolated from the 
peripheral parts of dorsal nasal (DN) and ventral temporal (VT) quadrant of E14 
mouse retina, and cultured overnight. Neurite growth was then observed and imaged 
with the Neurolucida Image Analysis System, and further analysis was carried out 
using the MetaMorph software. The spot coated with CS is outlined by the black 
curves. A-B: Phase contrast micrographs depicting the effects of CS to neurite entry 
into the CS territory. Spots with 10 mg/ml CS and without addition of PKC 
modulators act as the control group (CS control) in the rest of this study, in the 
examination of the effect of PKC modulation on neurite growth in contact with CS. 
C-F: Responses of neurites to CS region upon PKC activation. 5 nM (C-D) and 500 
nM (E-F) of PMA, as indicated, were added to the medium before culture. Scale bars, 
A-F, 500 |im. DN, dorsal nasal; VT, ventral temporal; CS, chondroitin sulphate. 
Quantification of neurites into CS rich region in response to PKC activation. G: 
Percentages of neurite growth into CS spot of the PMA-treated groups were 
statistically compared with their respective controls by the InStat software. Statistical 
analysis was performed using Kruskal-Wallis Nonparametric ANOVA test followed 
with Dunn's Multiple Comparisons test. Data are mean 士 SEM (standard error of 
mean, error bars). 
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Figure 3.6 
Inhibition of PKC by Go6976 causes drastic escalation of neurites from VT 
retina into CS zone. A-F: E14 mouse retinal explants were dissected from peripheral 
regions of either the dorsal nasal (DN) or ventral temporal (VT) regions. After 
culturing overnight, growth of neurites was observed and captured using the 
Neurolucida Image Analysis System, and analyzed with the MetaMorph software. 
The spot coated with CS is represented by the black curves. A-B: Phase contrast 
micrographs displaying the responses of retinal neurites to CS in the CS controls. 
Spots with 10 mg/ml CS and without addition of PKC modulators act as the control. 
C-F: Effects of G66976 application to neurite response to CS. Concentrations of 10 
nM (C-D) and 100 nM (E-F), as indicated, were added to the medium prior to 
culture. Scale bars, A-F, 500 |im. DN, dorsal nasal; VT, ventral temporal; CS, 
chondroitin sulphate. 
Quantitative measurements of neurite growth into the CS territory after 
Go6976 treatment. Statistical comparisons of the percentage of neurite entry into CS 
spot of Go6976-treated groups and the CS controls were performed in the InStat 
software. G: Statistics was calculated using Kruskal-Wallis Nonparametric ANOVA 
test followed with Dunn's Multiple Comparisons test. Data are mean 士 SEM 
(standard error of mean, error bars). 
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Figure 3.7 
Ro-32-0432 dramatically increases entry of VT neurites into CS territory. A-
D: Explants were isolated from the peripheral parts of dorsal nasal (DN) and ventral 
temporal (VT) quadrant of El4 mouse retina. After culturing overnight, neurite 
growth was observed and captured using the Neurolucida Image Analysis System, 
and analyzed with the MetaMorph software. The boundary of the CS-coated spot is 
marked by the black curves. A-B: Phase contrast micrographs depicting the effects of 
CS to neurite growth in contact with CS. Spots with 10 mg/ml CS and without 
addition of PKC modulators act as the control. C-D: Responses of neurites to CS 
region upon Ro-32-0432-induced PKC inhibition. Ro-32-0432 at 10 as indicated, 
was added to the medium before culture. Scale bars, A-D, 500 i^m. DN, dorsal nasal; 
VT, ventral temporal; CS, chondroitin sulphate. 
Quantification of neurites into CS rich zone after treatment with Ro-32-0432. 
E: Percentages of neurite entry into the spot in the treated and CS control groups 
were compared statistically in the InStat software. Statistic analysis was performed 
using Mann-Whitney non-parametric test. Data are mean 士 SEM (standard error of 
mean, error bars). 
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CHAPTER 4 
EFFECTS ON AXON ROUTING AFTER ALTERATION OF PKC ACTIVITY 
ON GUIDANCE OF RETINAL GANGLION CELL AXONS AT THE OPTIC 
CHIASM OF MOUSE EMBRYOS 
INTRODUCTION 
In the development of mammalian retinofugal pathway, retinal axons navigate 
through the optic chiasm under fine precision and reach their targets in a stunning 
error-free manner. Yet, the environment the axons encounter during their pathfinding 
is not simple at all. It is known that the region of the ventral diencephalon in which 
the optic chiasm is formed will eventually develop into the hypothalamus in adults 
(Mason and Sretavan, 1997). Although this region is still quite immature when 
retinal axons arrive, resident cell types are already present. This means that rather 
than coming into contact with a simple undifferentiated neuroepithelium, the axons 
will have to pass through a region packed with guidepost cells that consist of radial 
glia and chiasmatic neurons. 
Furthermore, many molecules involved in axonal guidance and target 
recognition are known to be expressed by the radial glia and chiasmatic neurons. 
These molecules comprise both contact-mediated and diffusible forms. Some 
examples include Ephrin-B2 expressed by radial glia cells (Williams et al., 2003), 
chondroitin sulphate proteoglycans (CSPG) localized on the chiasmatic neurons 
(Chung et al, 2000a), and CD44, LI and sialylated NCAM on the surface of these 
neurons (Sretavan et al” 1994; Chung et al” 2004). Through receptors located on the 
growth cones of retinal axons, these molecules, either attractive or repulsive, help 
guide the developing axons to their respective locations and targets. 
As mentioned, one of the molecules known to have inhibitory effect to a group 
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of in-growing axons is CSPG. At El4, retinal axons separate themselves into two 
groups，the crossed component that traverses the chiasm midline and forms the 
contralateral optic tract, and the uncrossed component that turns away from the 
midline and enters the ipsilateral tract (Sretavan, 1990). Coincidently, at the time 
when this fiber order change takes place, CSPG is found in the caudal parts of the 
ventral diencephalon in the optic chiasm. They are localized on the chiasmatic 
neurons with a typical V-shaped configuration and an anterior raphe extension where 
the crossed axons decussate through (Chung et al., 2000a). Due to this intersection of 
retinal axons and the chiasmatic neurons in the retinofugal pathway, CSPG has been 
suggested to be involved in regulation of the crossed and uncrossed axon divergence 
pattern. 
Results from the last chapter have shown that alteration of PKC activity by 
modulators in vitro is able to change the percentage of neurites outgrowth invading a 
CS territory. While neurites from the ventral temporal retina significantly increased 
in entering CS region when PKC activity is inhibited, neurites from the same part of 
the retina avoided the region and stopped growth upon contact after PKC activation. 
Though it is clear that neurites from different parts of the retina responded differently 
to the adjustment of PKC level in an in vitro system, the reactions to the same 
treatment in vivo is yet to be determined. With the presence of other tissues and cell 
types in the retinofugal pathway, the responses of the retinal axons might not be the 
same. The present study was aimed to investigate the possible functions of PKC in an 
ex vivo system. The behavior of retinal axons at the optic chiasm to a changing level 
of PKC activity was explored. Axon trajectories were examined in El3 to El 5 brain 
slice preparation of the retinofugal pathway, the period in which most axons are still 
finding their paths in the optic chiasm, in the presence of either PKC activator or 
inhibitors. 
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MATERIALS AND METHODS 
Animals and Tissue Preparation 
Time-mated C57BL/6 pregnant mice were obtained from the Animal House of 
the University. Embryonic day (E) 0 is assigned to the day the vaginal plug is found. 
Pregnant mice were killed by cervical dislocation, and mouse embryos at the age of 
El3 to El5 were detached and collected through Caesarean section. The intact 
embryos were kept in cold Dulbecco's modified Eagle's medium (DMEM) / F12 
medium (Gibco, USA) including penicillin (100 U/ml) and streptomycin (100 ^g/ml) 
and then decapitated. 
Microdissection of Brain Slices 
Holding in place with a pair of Dumont forceps (Fine Science Tools Inc., 
Canada), horizontal cut was made with a pair of spring scissors (Fine Science Tools 
Inc., Canada) to remove the dorsal part of the head just above the eyeballs, exposing 
the third ventricle and the floor of ventral diencephalon. The lower part of the head 
below the hard palate and the nose were then cut away with a pair of fine forceps. 
Brain slice preparation of the retinofugal pathway including two eyes, optic stalks, 
optic chiasm, and proximal parts of the optic tracts was obtained. 
Injection of Dil 
Brain slices, ventral side upward, were then put on a Petri dish without any 
medium. Using a needle, a small puncture was made at the ventral side of one eye, 
close to the ventral boundary of the cornea. Through this puncture, Dil 
(1,1, -Dioctadecyl-3,3,3, ,3, -tetramethylindocarbocyanine perchlorate; Molecular 
Probes, USA) dissolved in N,N-dimethylformamide (DMF; Sigma, USA) was 
injected into the vitreous space with the aid of a picospritzer (II，General Valve Co., 
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USA). The injection of the dye was continued to fill up the vitreous space until the 
whole retina has been stained. This ensures the labeling of all the retinal ganglion 
cell bodies and axons. 
Culture of Brain Slices 
The brain slices, now with one eye labeled, were washed briefly in DMEM/F12 
medium and cultured in DMEM/F12 medium supplemented with penicillin (100 
U/ml), streptomycin (100 |ig/ml) and 10% fetal bovine serum (FBS; Gibco, USA) 
contained in a screw-capped culture vial. In each vial, one to two brain slices were 
maintained in 2 ml of culture medium. The brain slices were left to culture at 37^C 
for 5 hours in a rolling incubator, gassed with pure oxygen at the start of culture and 
at two 1.5 hour-interval after incubation began. 
In experimental groups, PKC modulators were added at the start of the 
incubation period. PMA (phorbol 12-myristate 13-acetate; Calbiochem, USA) 
dissolved in dimethyl sulphoxide (DMSO; Sigma, USA) at final concentrations of 5 
nM, 500 nM and 1 in which all are within the 5 nM to 5 ^M effective dosage 
range of this activator (Bonsall and Rehder, 1999), were added in the first 2 hours of 
culture, washed 3 times and then replaced with normal culture medium. Go6976 
(Calbiochem, USA) dissolved in DMSO was tested at the concentration of 100 nM 
that has been proven potent in other experiments (Schrenk et al., 2002; Sivasankaran 
et al., 2004). Ro-32-0432 (Calbiochem, USA), also dissolved in DMSO, was added 
to the brain slices in concentrations 0.1 |iM, 10 jiM and 100 jiM, where the two 
higher concentrations were within the effective range of this inhibitor (Chergui and 
Lacey, 1999; Piccoli et al., 2002). In particular, 10 [iM has been indicated by other 
studies as an effective dilution in slice cultures (Chergui and Lacey, 1999). 
Additionally, the 0.1 |iM concentration was tested to examine the effectiveness of 
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Ro-32-0432 at a concentration 1000-fold lower than its optimal. These two 
chemicals were added throughout the culture period. Control cultures were done 
without the addition of PKC modulators. 
Confocal Microscopy 
After 5 hours of culture, the brain slices were fixed in 4% paraformaldehyde (in 
0.1 M phosphate buffer; pH7.4) at 4�C overnight. They were then transferred to 2% 
buffered formalin (in 0.1 M phosphate buffer) for the completion of the delicate 
fixation process. Brain slices of different embryonic days were immersed in fixative 
for different time length to allow sufficient time for Dil to diffuse along the 
retinofugal pathway. E13 brain slices were stored for 2 days, E14 slices for 11 days 
and El 5 slices for 14 days. After that, the brain slices were taken out of the fixative 
and dissected in 0.1 M phosphate buffered saline (PBS; pH7.4). With the ventral side 
of the slice facing upward, tissue overlying the optic stalks and the optic chiasm were 
removed. Dil-labeled axons were then examined in whole mount preparation under 
the confocal microscope (Olympus FV300, Japan) using HeNe-G laser (543 nm 
excitation). The images were captured with the FLUOVIEW software (Olympus). 
Image Analyses 
Measurements of the changes in number of the crossed and uncrossed axons at 
the optic chiasm were carried out in the MetaMorph software (Universal Imaging Co., 
USA). 
Analysis of El3 brain slices was performed in confocal images captured with 
the 20x objective. A region of 200 jim just before the midline of the ventral 
diencephalon containing axons was defined as 'premidline region', while 
‘postmidline region' was identified as the region (200 |xm) of the pathway where 
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axons have shortly crossed the midline. Pixel intensities of labeled retinal axons 
measured in these 2 regions were calculated as ‘ratio of axons, postmidline versus 
premidline' which indicates the degree of axon crossing, and was later statistically 
compared with the controls using the InStat software (GraphPad, USA). 
E14 and E15 analyses were done in lOx confocal images. Regions of 200 i^m of 
the proximal ends of the optic tracts were defined as ‘uncrossed axons region' where 
the optic tract is ipsilateral to the labeled eye, and ‘crossed axons region' for the 
opposite optic tract. Pixel intensities of all labeled retinal axons within these two 
areas were measured individually in the MetaMorph software. Statistical 
comparisons of the intensities obtained with control preparations were then 
accomplished in the InStat software, along with a ratio of 'uncrossed to crossed 
axons' calculated from these 2 regions. Brain slices of 50 E13, 68 E14 and 30 E15 
embryos were included in this study. 
RESULTS 
Changes in Axon Decussation at the Optic Chiasm after Alteration of PKC 
Activity by PKC Modulators 
Retinal axons arrive and enter the optic chiasm at El3 (Godement et al., 1990). 
It is in this period, from El3 to El4, that axons cross the chiasm midline and 
decussation occurs. The axon courses and crossing of Dil labeled axons were 
observed in the El3 brain slice preparations. 
In the control preparations (n = 14), i.e. without addition of PKC modulators, 
the normal trajectory of axon course was observed (Fig. lA). Retinal axons left the 
optic stalk as a discrete bundle, then, maintained largely as a bundle-form, grew 
posteromedially. In most of the preparations, some axons were observed to leave the 
major axon bundle soon after leaving the optic stalk and continue to grow 
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perpendicular to the chiasm midline for a short distance (at most 400 jiim). At about 
200 |im from the midline, these axons turned abruptly and grew parallel to the 
midline, creating a loop-like appearance. They then join once again the major bundle 
before crossing the midline as a bunch in a near perpendicular angle. The distinct 
axon bundle continued their journey smoothly through the optic chiasm and entered 
the opposite optic tract at the lateral diencephalon. The ratio of postmidline axons to 
premidline axons of control preparations was found to be 0.617285 士 0.04172. 
Aberrant Projections of Axons after Modulation by PKC Activator PMA 
When PKC activity was elevated by PMA, abnormal routing was observed in 
the experimental groups. Two concentrations of PMA were tested, at 5 nM (n = 7) 
and 500 nM (n = 12). As that in the control, the majority of retinal axons crossed the 
chiasm midline as a discrete bundle (Fig. IB-C). However, in several preparations (n 
= 1 in 5 nM and n = 4 in 500 nM), the collection of axons was no longer crossing in a 
smooth manner. Instead, within the bundle of axons, some axons seemed to be 
knotting together just before intersecting the midline (Fig. ID). As a result, a clump 
of axons was observed inside the 200 jxm region prior to the midline of the chiasm. 
These knotting axons then projected aberrantly into inappropriate parts of the ventral 
diencephalon, especially towards the anterior along the anterior-posterior axis at the 
midline (Fig. IE). The increase in PMA concentration appeared to have intensified 
this deviant behavior, with only one observation in 5 nM but four in 500 nM. 
Despite of the abnormal courses observed, it was found that the activation of 
PKC did not affect axon decussation. Statistical analyses of the preparations with the 
controls (Fig. IF) showed that there was no significant change in the number of 
axons crossing the chiasm midline (P = 0.9326, Kruskal-Wallis Nonparametric 
ANOVA test followed with Dunn's Multiple Comparisons test). Not only was the 
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variation between the control group and experiment groups of no significance, the 
ratios of postmidline axons versus premidline axons of PMA at 5 nM and 500 nM 
practically stayed the same as the control, maintaining at 0.579001 士 0.08785 and 
0.620816 士 0.05575 respectively. Thus, at E13, the addition of PMA lacks effect on 
axon crossing. 
PKC Inhibition by G66976 did not Affect Axon Decussation 
Go6976 did not seem to have effect on axons crossing at the chiasm midline. 
Results showed normal appearance of Go6976-treated group (Fig. 2B). Go6976 was 
tested at a concentration of 100 nM (n = 9). Based on statistic analysis (Fig. 2C), the 
medians of control and Go6976 at 100 nM did not differ significantly (P = 0.6883, 
Mann-Whitney test). Yet, despite insignificant, a small increase in the ratio of axons 
postmidline versus premidline (0.648138 ± 0.06474) was observed (Fig. 2C). This 
tendency led to the hypothesis that inhibition of PKC activity could cause more 
axons to cross the chiasm midline. 
Axon Crossing was Significantly Increased by Ro-32-0432-Induced PKC Inhibition 
Results from brain slices after treatment with Ro-32-0432, another inhibitor of 
PKC activity, further strengthen the above observations. In the presence of 
Ro-32-0432, axons decussating across midline of the optic chiasm were affected 
similarly as Go6976-treated ones. Statistical analysis of Ro-32-0432, at the 
concentration of 10 jiM (n = 8), was significant when comparing with control 
preparations (Fig. 2E). The ratio of postmidline axons versus premidline axons 
compared between the two groups varied significantly, with a P value of 0.0197 (P < 
0.05, Mann-Whitney test). There was a significant increase in the ratio of 
Ro-32-0432-treated brain slices, indicating that more axons crossed the midline in 
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this preparation than in the control. While the increase in crossing axons was 
determined by statistics, this conclusion could not be deduced merely by looking at 
the axon trajectories (Fig. 2D), which showed the normal routing as observed in 
control brain slices (Fig. 2A). 
As a summary, we showed that Ro-32-0432 was able to increase the ratio of 
postmidline axons versus premidline axons significantly. This trend was also 
observable in the other PKC inhibitor G66976. On the other hand, although the 
elevation of PKC activity by PMA did not cause any difference in the degree of axon 
decussation, aberrant trajectories of retinal axons were noted in increasing treatment 
concentrations. 
Changes in Axon Routing at the Optic Chiasm after Modulation of PKC Levels 
with PKC Activators and Inhibitors 
By El4，later generated axons from more peripheral retinal regions have entered 
the chiasm. They separate themselves into two groups, the crossed and uncrossed 
component (Godement et al., 1990). While many crossed axons have reached the 
opposite optic tract at this developmental period, only a handful of axons have 
entered the tract on the same side, due to long decision-making pauses at the chiasm 
midline (Godement et al, 1994). It is at El5 that the adult-like axon divergence 
pattern of projections into ipsilateral and contralateral tracts is established (Mason 
and Sretavan, 1997). The axon routing and courses of Dil labeled axons were 
observed in brain slice preparations of El 4 and El 5. 
The normal trajectories of axon course were observed in the control 
preparations (E14: n = 28, E15: n = 8). In E14 brain slice, more axons were seen to 
cross the chiasm midline than those that turned away from the midline and projected 
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ipsilaterally (Fig. 3A-C). After decussating the midline, the crossed axons split 
two-ways 一 most entered the contralateral optic tract (757571.2 士 57609)，while 
some entered the opposite optic stalk (Fig. 3A). Those that projected into the optic 
stalk were the retinoretinal axons. Axons that stayed on the same side of the midline, 
i.e. the uncrossed component, grew as a cohort into the ipsilateral tract (Fig. 3B). 
Owing to the time they take to make navigational decisions at the chiasm midline, 
they were viewed relatively shorter in the tract and fewer in number (47414.55 士 
9498.3). The axon routing observed in El5 controls (Fig. 4A) was similar to that of 
El4, except that there were now more axons in both optic tracts (Fig. 4B-C) and the 
contralateral optic stalk, as determined by the intensity of Dil labeling. The 
uncrossed axons were also longer in length. 
No Effect was Observed in El 4 and El 5 Brain Slices Treated with PMA 
The effect of PKC activation on axon courses was investigated in E14 brain 
slices treated with PMA at concentrations 500 nM (n = 5) and 1 jiM (n = 8) and at 
500 nM (n = 7) in El5. The axon routings in both embryonic days seemed normal 
when compared to the control preparations (Fig. 3D, 4D). Statistical analyses also 
showed that there were no significance between the treated groups and the controls. 
At E14 (Fig. 3E), the variation among the ratios of 'uncrossed to crossed axons', 
which indicates the relative changes of uncrossed axons to crossed ones, was not 
significantly greater than expected by chance (P = 0.9530, Kruskal-Wallis 
Nonparametric ANOVA test followed with Dunn's Multiple Comparisons test). The 
control group had a ratio of 0.06868 ± 0.01503, while PMA at 500 nM and 1 |iM had 
ratios of 0.067036 ± 0.02394 and 0.072135 士 0.02269 respectively. But when 
looking at the two sets of axons separately, a trend, though insignificant, was 
observed (Fig. 3F). By examining just the crossed axons, there was a gradual 
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decrease in the pixel intensity measured when PMA concentration increased. 
Intensity determined in controls was 757571.2 士 57609，but decreased to 665627.7 士 
115438 in 500 nM and further to 599039.1 士 49305 in 1 jxM of PMA (P = 0.3919, 
Kruskal-Wallis Nonparametric ANOVA test followed with Dunn's Multiple 
Comparisons test). The same phenomenon was also observed in the set of uncrossed 
axons results, but to a lesser extent (control: 47414.55 士 9498.3, 500 nM: 46995.28 士 
18488, and 1 |iM: 42031.9 士 12648; P = 0.9899，Kruskal-Wallis Nonparametric 
ANOVA test followed with Dunn's Multiple Comparisons test). 
At El5, again the statistics showed no significance when comparing the ratio of 
‘uncrossed to crossed axons' between control (0.133091 士 0.02731) and PMA 500 
nM-treated group (0.12914 士 0.0445; P = 0.3969, Kruskal-Wallis Nonparametric 
ANOVA test followed with Dunn's Multiple Comparisons test) (Fig. 4E). However, 
the decreasing fashion in E14 was clearly observable when the axons were examined 
independently (Fig. 4F). The fall in measurement was more obvious for crossed 
axons (control: 783338.2 ± 102866, 500 nM: 654163.7 ± 71184; P = 0.3357, 
Mann-Whitney test) than for uncrossed ones (control: 104612.7 ± 26006, 500 nM: 
68330.22 士 16450; P = 0.3357, Mann-Whitney test). As the drops in magnitude of 
the crossed and uncrossed axons were similar, the resulting ratio was not differed 
from control (Fig. 4E). 
PKC Inhibition by Gd6976 Decreased Uncrossed Axons in El4 and Increased 
Crossed Component in El 5 
Brain slices treated with Go6976 at 100 nM were examined to deduce the effect 
of PKC inhibition to axon routing. In E14 embryos (n = 8), a close examination of 
the retinal axons revealed that the uncrossed component had reduced in size (Fig. 
5C). The reduction was quite dramatic in some preparations where only a few axons 
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were observable (Fig. 5D). This decline was clearly indicated in the measurement of 
uncrossed axons (Fig. 5F). The controls median at 47414.55 士 9498.3 dropped more 
than two-fold to 22861 士 5405.6 with the addition of Go6976 (P = 0.1454, 
Mann-Whitney test). On the other hand, the treatment did not seem to have effect on 
the crossed axons. The statistical comparison between the control and 
Go6976-treated group was not significantly different (P = 0.6407, Mann-Whitney 
test). As a result from the above measurements, a noticeable decrease was observed 
in the ratio of 'uncrossed to crossed axons' (0.036352 士 0.01109; P = 0.2513, 
Mann-Whitney test) (Fig. 5E). This was mainly attributed to the large decrease in 
uncrossed axons. 
Surprisingly, the reverse condition was noted in G66976-treated El5 brain slices 
(n = 8). This time it was the crossed component that was affected. To be more 
specific, they were increased (972796.5 士 99164) when compared to the controls 
(783338.2 士 102866; P = 0.1949, Mann-Whitney test) (Fig. 6F). Uncrossed axons 
that were previously responsive to treatment in El4 failed to give any reaction. When 
measured and compared statistically with the axons from control group (Fig. 6F), 
they were practically the same and did not differ significantly (control: 104612.7 士 
26006, 100 nM: 104894.8 士 36472; P = 0.6454，Mann-Whitney test). The increase in 
crossed component led to a fall in the ratio of 'uncrossed to crossed axons' (0.100637 
士 0.03322) (Fig. 6E), but it was not statistically significant from the control (P = 
0.1949，Mann-Whitney test). This escalation in crossed axons could not be 
determined just by observing the axon routing in confocal images (Fig. 6C-D), which 
appeared to be similar as control brain slices (Fig. 6A-B). 
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^ High Concentration of Ro-32-0432 Increased the Uncrossed Component in E14 
Brain Slices 
Anterograde filling of retinal axons with Dil in E14 brain slices was compared 
between the Ro-32-0432-treated (Fig. 7B-C) and control groups (Fig. 7A). The 
effects of three concentrations of Ro-32-0432 were tested at 0.1 [lM (n = 5), 10 [iM 
(n = 6) and 100 i^M (n = 8). Results from E14 brain slice preparation showed that 
there was an increase in uncrossed axons when a high concentration of 100 [iM was 
applied. In most of the brain slices, the uncrossed pathway was very visible as an 
enlarged cohort of axons (Fig. 7D), as compared to that in the control preparations 
(Fig. 5B). The axon courses in the two lower concentrations (Fig. 7B) did not seem 
to differ from the controls (Fig. 7A). However, when the statistics were compared, it 
was found that the uncrossed axons in all three treatment groups increased (Fig. 7F). 
The rise in the highest concentration 100 jiM was the most obvious, with a median of 
100035.9 士 48078, which was more than two-fold of the control median. This agreed 
with the observation in the brain slices. The measurements in the two lower 
concentrations 0.1 |iM and 10 jiM also increased, to a smaller degree, at 75018.14 士 
22792 and 63717.21 士 23096 respectively. In spite of that, these increments were not 
considered significant when compared statistically with the control, with a P value of 
0.5617 (Kruskal-Wallis Nonparametric ANOVA test followed with Dunn's Multiple 
Comparisons test). 
While a rise in uncrossed component, though not significant, was determined, a 
dose-dependent reduction was observed in the measurements of crossed axons (Fig. 
7F). The highest pixel intensity was at 0.1 \iM with a median of 886400.3 士 114758. 
As concentration increased to 10 ^M and 100 i^M, the measured value dropped to 
789366.7 士 100591 and then to 667706.2 士 36399. When the intensities were 
compared with the control, it was noted that the two lower concentrations actually 
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caused a rise in crossed component, but by 100 ^M the intensity had plunged to 
having fewer axons than control (P = 0.4586, Kruskal-Wallis Nonparametric ANOVA 
test followed with Dunn's Multiple Comparisons test). 
When the ratios of 'uncrossed to crossed axons' were calculated and compared 
(Fig. 7E), it was clear that the effect of uncrossed axons were more influential than 
the crossed. The ratios showed a similar trend as the uncrossed measurements. All 
treatment groups had ratios larger than the control (0.1 |iM: 0.087395 ± 0.02753, 10 
|iM: 0.078794 ± 0.0277 and 100 144236 ± 0.06698), but the variation among 
the medians was not significantly greater than expected by chance (P = 0.5050, 
Kruskal-Wallis Nonparametric ANOVA test followed with Dunn's Multiple 
Comparisons test). In general, inhibition by Ro-32-0432 generated great variations 
within each group and between the treated groups. 
The effect of Ro-32-0432 at the concentration of 10 jiM (n = 7) was further 
investigated in El5 brain slices. The axon routings observed were of no obvious 
difference from the controls (Fig. 8A-B). Both uncrossed and crossed components 
could be clearly identified. Statistically, the ratio of ‘uncrossed to crossed axons' of 
the treated group was not significantly different from the control (P = 0.9551, 
Mann-Whitney test), though a trivial rise in the ratio was noted in the treated group 
(Fig. 8C). This increment was solely due to the decrease in crossed component 
(685209.1 士 62761; P = 0.3969, Mann-Whitney test) (Fig. 8D). On the other hand, 
similar to brain slices treated with Go6976, the uncrossed axons were not affected 
(100006.7 士 31154; P 二 0.8665, Mann-Whitney test). 
In brief, the results from E14 and El5 brain slice preparations showed that 
alteration of PKC activity with neither activator nor inhibitors produce significant 
changes in retinal axon routing through the optic chiasm. Despite of this, inhibition 
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by Go6976 was able to reduce the uncrossed component in E14 embryos. Several 
dose-dependent trends were also observed in this embryonic day, including the 
crossed axons treated with Ro-32-0432, and both groups of axons after PKC 
activation by PMA. In El5, 056976 successfully increased the crossed component. It 
was further detected that inhibition of PKC activity with either inhibitors did not 
cause any effects on the uncrossed axons. We also demonstrated that addition of 
PMA at both embryonic days led to a simultaneous decrease in the two groups of 
axons. 
DISCUSSION 
In this study, the possible functions of PKC on axon routing in the mouse optic 
chiasm during development have been investigated. This was achieved by examining 
the axon courses in brain slice preparation of the retinofugal pathway after the 
alteration of PKC activity. It was found that in El 3, when retinal axons decussate the 
chiasm midline, PKC inhibition by Ro-32-0432 and Go6976 causes an increase in 
the crossed component, as shown by a rise in the ratio of postmidline versus 
premidline axons. Though PKC activation by PMA appears not to affect this ratio, 
addition of this activator causes a production of abnormal trajectories of some retinal 
axons, in which these axons inappropriately enter incorrect regions of the ventral 
diencephalon. This activation of PKC by PMA seems not to have any influence on 
axon routing in E14 and El5. Similarly, Go6976 and Ro-32-0432 fail to generate any 
changes in E14 and El5 brain slices. While this is the case, it is noted that Go6976 
decreases the uncrossed component in E14 and increases the crossed axons in El5. 
Together with Ro-32-0432, it is also shown that addition of inhibitory signals to PKC 
fail to have an effect on the El5 uncrossed retinal axons. 
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Functions of PKC on Axon Routing in the Optic Chiasm of Mouse Embryos 
Investigation through activator PMA 
In order to find out the functions of PKC on retinal axon courses in an intact 
retinofugal pathway, the axon growth was first subjected to modification with PMA. 
PMA is an activator of PKC that can trigger the enzyme's activity in both in vivo and 
in vitro environments at nanomolar concentrations. It is a commonly used phorbol 
ester, and has been shown to be involved in the stimulation of neurite outgrowth by 
laminin (Bixby, 1989). As a phorbol ester, two subgroups of the PKC family could be 
activated by PMA. The first group is the conventional PKCs that include the 
，J 
isozymes a, (31, (311 and y. They are Ca -dependent and are activated by both 
diacylglycerol and phorbol esters. The second group, the novel PKCs, containing the 
isoforms 5，s, r| and 0, are also activated by diacylglycerol and phorbol esters but are 
Ca2+-independent (Newton, 1995; Powell et al., 2001). PMA has been chosen to 
modulate the PKC activity in the ex vivo preparation of the retinofugal pathway due 
to the scope of its effect on PKC isozymes, which includes the strongly expressed 
ones in the pathway. Among the isoforms, six of the most probable ones to be found 
in the CNS and RGCs, a, pi, (311, y, 5 and s, have been tested of their expression and 
localization in the first experimental chapter. While the expression patterns of the 
other untested isoforms are not known, it was found that a, pi and s were the major 
isoforms in retinal growth cones. This makes PMA a suitable candidate in the 
examination of the effects of PKC activity alteration on RGC axon routing at the 
mouse optic chiasm. 
In the developmental stages examined, the effect of PKC activation is not 
clear-cut. Though addition of this activator does not induce any significant changes 
to axon decussation and axon divergence, aberrant projections are observed in the 
period when early generated retinal axons cross the chiasm midline. This could be 
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attributed to the presence of other cell and tissue types in the in vivo system. As 
mentioned previously, resident cell types of radial glia and chiasmatic neurons are 
long present before the arrival of retinal axons to the optic chiasm (Mason and 
Sretavan, 1997). A current study from our laboratory has shown that using 
immunolocalization of an antibody against PKC-s, a high immunoreactivity of the 
isozyme is detected in the E14 ventral diencephalon. The isoform is determined to be 
located in the cytosol of the chiasmatic neurons, as its expression showed a typical 
V-shape pattern of the neurons and is found to colocalize with SSEA-1 (stage 
specific antigen 1), which is a cell surface marker of early generated neurons. This 
result indicates that besides the presence of PKC isoforms in retinal growth cones, 
they are also expressed along the retinofugal pathway, especially on the chiasmatic 
neurons where a number of molecules, including CSPGs, are known to guide axon 
routing. Together with findings from this study, it is likely that the addition of PMA 
also trigger activation of PKC somewhere else other than those inside the retinal 
axons, for instance the PKC-s within the chiasmatic neurons. Furthermore, the 
alteration of PKC activity might not only affect the cellular level, but might extend to 
the molecular level. Other neurite growth inhibitory constituents known to be 
expressed by cells in the optic chiasm, for example the membrane proteins Nogo-A, 
MAG and OMgp, that similarly cause their effects via a cascade of intracellular 
signals as CSPGs, might utilizes the PKC system as their signal transduction 
molecule as well. The disruption of kinase activity might then block the effects of 
these molecules. This activation of PKC elsewhere might have changed the 
environment encountered by the axons via altering the expression of surface 
molecules to the surroundings and in turn might cause the responses of some retinal 
axons to differ. The answer of whether CSPGs is affected by the change in PKC-s 
level within the chiasmatic neurons is unknown. Also, the fact that whether the 
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expressions of other surface molecules on the neurons are affected by the change, 
and what intracellular signal transduction mechanisms are used by the other 
inhibitory molecules, remains to be determined. 
It was hypothesized that inhibition of PKC activity will reduce CS induced 
inhibition to neurite outgrowth (Sivasankaran et al., 2003). As CSPGs are found to be 
localized in the chiasmatic neurons in the optic chiasm and midline and are implied 
to play a role in controlling axon divergence (Chung et al., 2000a), it was further 
assumed that the inhibition will lead to an increase in crossed component as more 
axons become inert to the lowered CS inhibition. Though this is the case, findings 
from PMA treatment appear to suggest that the reversal of PKC activity, i.e. 
activation, does not provoke significant changes on axon routing. No bias is observed 
where either the uncrossed component or the crossed axons alone is affected. Rather, 
it is noted that PMA causes a reduction in axons in both groups simultaneously, while 
maintaining the overall proportion constant. This is spotted in the critical period of 
axon navigation and routing in both E14 and El5 preparations. 
Insights Obtained from the PKC Inhibitors Gd6976 and Ro-32-0432 
The axon growth was then subjected to alteration by PKC inhibitors, so as to 
understand the functions of PKC on retinal axon courses through an opposite 
modification. One of the inhibitors, Go6976, is a very specific inhibitor of PKC 
which selectively inhibits the Ca -dependent isozymes a and pi only, but does not 
affect the kinase activity of Ca^'^-independent ones like 5, s a n d � from the novel and 
atypical PKC subgroups. The conventional isoforms selectively inhibited by G66976 
has been suggested as the key players in the signaling pathways that mediate CSPGs 
inhibition (Sivasankaran et ai., 2004). 
Findings from Go6976 treatment indeed agree the initial hypothesis that 
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inhibition of PKC activity will reduce CS inhibitory effects to axons, thereby 
generating more crossed axons. This is shown in the E15 preparations where the 
crossed component increased while the uncrossed one remains unchanged. Results 
from E14 also illustrate a similar trend. In El4, the uncrossed element is reduced. 
When the CS-induced inhibition is lowered by PKC inhibition, uncrossed axons that 
are originally suppressed by CS to cross the chiasm midline can now enter the 
restricted territory. The reason why these supposing uncrossed axons are not detected 
in the crossed axons measurement might be due to their long decision-making pauses 
at the chiasm midline (Godement et al, 1994)，which cause them to reach the 
contralateral optic tract slower and later than the original crossed axons. With more 
axons crossing the midline, axons that continue to select the ipsilateral pathway is 
trimmed down. CS might still inhibit these uncrossed axons in that even though the 
CS activity has been reduced, it is still sufficient to cause a negative impact on them. 
In other words, a very low threshold of CS inhibition might control these uncrossed 
axons. Further to this result, it is noted that the E14 crossed component is not 
affected. This, together with the findings in both Go6976 and Ro-32-0432 treatments 
that El5 uncrossed axons is not disturbed, suggest a multiple function of PKC 
inhibition. The differential responses of the axon groups might be analogous to the 
selective inhibition of CS to neurites from ventral temporal but not nasal retina 
(Cheung et al., 2005)，though this time it is a temporal rather than spatial selectivity. 
There might be a different time point in the developmental period where each cohort 
is responsive to PKC inhibition. 
The other inhibitor Ro-32-0432 is a less selective agent than G66976. Similar to 
Go6976, it focuses on affecting the kinase activity of the conventional a and pi, but it 
also inhibits the novel isozyme s to a smaller extent when the concentration is high 
enough. 
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Axon decussation is significantly affected after Ro-32-0432 treatment. More 
axons are detected in the postmidline region as to the premidline. The premidline 
region includes both crossed and uncrossed axons, while only the crossed component 
is present postmidline. A similar trend is observed in Go6976, indicating that more 
axons cross the chiasm midline after PKC inhibition. Thus, it is shown that axons are 
under the influence of changing PKC activity as early as El 3. Yet, despite the similar 
tendency observed in the two inhibitors, the rise in ratio of postmidline versus 
premidline axons of Go6976 was not statistical significant. This discrepancy might 
be due to a difference in their degree of specificity. As Go6976 is a specific inhibitor 
that selectively suppress the activity of a and |3I, the results in El3 brain slice 
preparations suggest a relatively minor role played by these two conventional 
isoforms in the regulation of axon decussation at the optic chiasm, and more reliance 
on the novel isoform s that can be modulated by Ro-32-0432 and is highly expressed 
in the chiasm region. 
In contrast, the effect of Ro-32-0432 treatment during the axon routing period is 
not as straightforward. Great variations are observed among the concentrations in 
E14 preparations, but an overall effect of increase uncrossed axons is noted, which is 
quite the reverse of the Go6976 findings. As in the case of PMA, Ro-32-0432 also 
acts on PKC-s expressed in the chiasmatic neurons. Addition of the inhibitor might 
have impacted the PKC activity in both retinal axons and chiasmatic neurons, as well 
as other neurite growth inhibitory molecules. Consequently, the behavior of the 
retinal axons and expression of guidance cues on the neurons might differ, leading to 
a change in the manners of axons encountering the CSPGs influential midline. 
The results in the present study support the idea that PKC plays a role in the 
axon routing in the mouse optic chiasm. Based on the findings, alterations of PKC 
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activity at different developmental periods cause different responses of retinal axons 
to the CSPGs-dominant midline. Since PKC activation by PMA seems to have no 
effect on the axon routing of retinal axons, it suggests once again that the kinase 
activity of PKC within the axons are already in their activated state, responding only 
to inhibition by PKC inhibitors. 
95 
CHAPTER 4 EFFECTS OF PKC MODULATIONS ON AXON ROUTING 
Figure 4.1 
PMA treatment induces aberrant axon projections in E13 brain slices. A-E: 
Retinal axons labeled with Dil grew into the optic chiasm from the left eye (on the 
right of the images). After 5 hours of culture, the axon routing patterns in the ventral 
diencephalon of El3 mouse embryos were observed and captured with confocal 
microscope, and analyzed with the MetaMorph software. All micrographs display the 
ventral view and anterior [A\ is up. The arrows point to the chiasm midline. A: 
Confocal micrograph showing the trajectory of axon decussation at El3 in control 
brain slice. The two regions on both sides of the chiasm midline denote the 
'premidline region, (on the right) and 'postmidline region' (on the left) respectively. 
B-D: Axon trajectories in brain slices treated with PMA. 5 nM (B) and 500 nM (C-D) 
of PMA, as indicated, were added to the medium before culture. E: A higher 
magnification of axon courses in (D). Scale bars, A-D, 200 [im; E, 100 |xm. OS, optic 
stalk. 
Quantitative measurements of El3 axon decussation at the optic chiasm 
midline after PMA treatment, expressed as a ratio of postmidline axons versus 
premidline axons. F: The ratios of PMA-treated groups were statistically compared 
with the control one. Statistics was calculated using Kruskal-Wallis Nonparametric 
ANOVA test followed with Dunn's Multiple Comparisons test. Data are mean 士 
SEM (standard error of mean, error bars). 
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Figure 4.2 
Axon crossing at E13 is increased by PKC inhibition. A, B, D: Retinal axons 
in-growing the optic chiasm from the left eye (on the right of the images) is 
visualized with Dil. After a 5-hour culture, the patterns of axon routing in the ventral 
diencephalon of El3 brain slice preparations were observed and captured using 
confocal microscopy, and analyzed with the MetaMorph software. All micrographs 
present the ventral view and anterior [A] is up. The arrows point to the midline of the 
chiasm. A: Confocal micrograph exhibiting the axon decussation pattern at the El3 
chiasm midline in control preparation. B, D: The routing patterns after applications 
of PKC inhibitors. lOOnM G66976 (B) and 10 |iM Ro-32-0432 (D), as indicated, 
were added to the medium prior to culture. Scale bars, A, B, D, 200 |im. 
Quantifications of El3 axon crossing after PKC inhibition. C, E: The ratios 
of axons postmidline versus premidline of Go6976 (C) and Ro-32-0432 (E) were 
compared statistically with the control respectively (marked by asterisk; *P<0.05). 
Statistic analyses were performed using Mann-Whitney non-parametric test. Data are 
mean 士 SEM (standard error of mean, error bars). 
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Figure 4.3 
No effects of PKC activation on E14 axon divergence. A-D: Retinal axons 
labeled with Dil grew into the optic chiasm from the left eye (on the right of the 
images). After 5 hours of culture, the axon routing patterns in the ventral 
diencephalon of El4 mouse embryos were observed and captured with confocal 
microscope, and analyzed with the MetaMorph software. All micrographs display the 
ventral view and anterior [A] is up. The arrows point to the chiasm midline. A: 
Confocal micrograph showing the axonal trajectory at E14 optic chiasm in control 
brain slice. The two regions at the proximal end of the optic tracts indicate the 
'uncrossed axons region' (on the right) and ‘crossed axons region' (on the left) 
respectively. B-C: Higher magnifications of the ipsilateral (B) and contralateral optic 
tracts (C) in (A). D: Axon routing after application of 1 |iM PMA, as indicated, to the 
medium before culture. Scale bars, A, D, 200 \im; B, C, 200 |im. OS, optic stalk; OT, 
optic tract. 
Quantifications of axons in the optic tracts of E14 brain slice preparations 
after modulation with PMA. E: The effects of PMA on axon divergence, expressed as 
a ratio of ‘uncrossed to crossed axons', was statistically compared between the PMA-
treated groups and the control. F: Pixel intensity measurements of crossed and 
uncrossed axons in treatment and control groups were compared respectively. 
Statistics were calculated using Kruskal-Wallis Nonparametric ANOVA test followed 
with Dunn's Multiple Comparisons test. Data are mean 士 SEM (standard error of 
mean, error bars). 
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Figure 4.4 
PMA has no effects on axon divergence at El5. A-D: Retinal axons in-
growing the optic chiasm from the left eye (on the right of the images) is visualized 
with Dil. After a 5-hour culture, the patterns of axon routing in the ventral 
diencephalon of El5 brain slice preparations were observed and captured using 
confocal microscopy, and analyzed with the MetaMorph software. All micrographs 
present the ventral view and anterior [A\ is up. The arrows point to the midline of the 
chiasm. A: Confocal micrograph displaying the axon divergence pattern at the El5 
chiasm midline in control preparation. B-C: Higher magnifications of the ipsilateral 
(B) and contralateral optic tracts (C) in (A). D: Axon course at the optic chiasm after 
treatment with 500 nM PMA, as indicated, that was added to the medium prior to 
culture. Scale bars, A, D, 200 [im; B, C, 200 jim. OS, optic stalk; OT, optic tract. 
Quantitative measurements of axons in the optic tracts of El5 brain slices 
after PMA treatment. E: Statistical comparison of the ratio of 'uncrossed to crossed 
axons' was performed between control and PMA 500 nM-treated group. F: Crossed 
and uncrossed axons measurements of the two groups were compared respectively. 
Statistic analyses were performed using Mann-Whitney non-parametric test. Data are 
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Figure 4.5 
PKC inhibition by Go6976 decreases the uncrossed axons in E14 brain slice 
preparations. A-D: Retinal axons labeled with Dil grew into the optic chiasm from 
the left eye (on the right of the images). After 5 hours of culture, the axon routing 
patterns in the ventral diencephalon of E14 mouse embryos were observed and 
captured with confocal microscope, and analyzed with the MetaMorph software. All 
micrographs display the ventral view and anterior [A\ is up. The arrows point to the 
chiasm midline. A: Confocal micrograph showing the axonal trajectory at E14 optic 
chiasm in control. B: Higher magnification of the ipsilateral optic tract in (A). C: 
Axon routing after application of 100 nM Go6976, as indicated, to the medium 
before culture. D: A closer examination of the ipsilateral optic tract in (C). Scale bars, 
A, C, 200 jim; B, D, 200 [im. OS, optic stalk; OT, optic tract. 
Quantifications of axons in the optic tracts of El4 brain slice preparations 
treated with Go6976. E: The ratio of 'uncrossed to crossed axons' of the Go6976-
treated group was statistically compared with that of control. F: Measurements of 
crossed and uncrossed axons in groups with or without treatment were compared 
respectively. Statistics were calculated using Mann-Whitney non-parametric test. 
Data are mean 士 SEM (standard error of mean, error bars). 
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Figure 4.6 
Go6976 inhibition increases the crossed component in El5 brain slice 
preparations. A-D: Retinal axons in-growing the optic chiasm from the left eye (on 
the right of the images) is visualized with Dil. After a 5-hour culture, the patterns of 
axon routing in the ventral diencephalon of El5 brain slice preparations were 
observed and captured using confocal microscopy, and analyzed with the MetaMorph 
software. All micrographs present the ventral view and anterior [A] is up. The arrows 
point to the midline of the chiasm. A: Confocal micrograph displaying the axon 
divergence pattern at the El5 chiasm midline in control preparation. B: Higher 
magnification of the contralateral optic tract in (A). C: Axon routing after the 
addition of Go6976 at 100 nM, as indicated, to the medium prior to culture. D: A 
closer inspection of the contralateral optic tract in (C). Scale bars, A, C, 200 jjm; B, 
D, 200 jim. OS, optic stalk; OT, optic tract. 
Quantitative measurements of axons in the optic tracts of El5 brain slices after 
treatment with Go6976. E: Ratios of ‘uncrossed to crossed axons' in the treated and 
non-treated groups were compared statistically. F: Intensity measurements of crossed 
axons were respectively compared between the control and those treated with 
Go6976. Statistic analyses were performed using Mann-Whitney non-parametric test. 
Data are mean 士 SEM (standard error of mean, error bars). 
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Figure 4.7 
A high concentration of Ro-32-0432 increases the uncrossed component in 
E14 brain slices. A-D: Retinal axons labeled with Dil grew into the optic chiasm 
from the left eye (on the right of the images). After 5 hours of culture, the axon 
routing patterns in the ventral diencephalon of El4 mouse embryos were observed 
and captured with confocal microscope, and analyzed with the MetaMorph software. 
All micrographs display the ventral view and anterior [A] is up. The arrows point to 
the chiasm midline. A: Confocal micrograph showing the axonal trajectory at El4 
optic chiasm in control. B-C: Axon routings through the optic chiasm when 10 [iM of 
Ro-32-0432 (B) and 100 jiM were applied (C). Both were added to the medium 
before culture. D: A higher magnification of uncrossed axons in the ipsilateral tract in 
(C). Scale bars, A-C, 200 [im; D，200 ^m. OS, optic stalk; OT, optic tract. 
Quantifications of axons in the optic tracts of E14 brain slice preparations 
treated with Ro-32-0432. E: Ratios of ‘uncrossed to crossed axons' of the control 
and Ro-32-0432-treated groups were statistically compared. F: Measurements of 
crossed and uncrossed axons in control and treatment groups were compared 
respectively. Statistics were calculated using Kruskal-Wallis Nonparametric ANOVA 
test followed with Dunn's Multiple Comparisons test. Data are mean 士 SEM 
(standard error of mean, error bars). 
102 
E « 0.25. 
c 
0 
1 0.2 T  � 明 CA 
i 0,15 •—— 
0 
1 T ^  
g 0.1 f —— 




1 oJ . .   
0 0.1 10 100 
Concentration of Ro-32-0432 (pM)  
N= 28 5 6 8 
Kruskal-Wallis non-parametric ANOVA test 
p 1200000-1 -] 
1000000 
(0 
画 , Hh T  
IS 800000 —f- H-I  
•4-
^ f-^ • Crossed 
6 0 0 0 0 0•— 鬥•• , g • Uncrossed ®  
i 400000-— 
•S 
2 0 0 0 0 0 — 
qI I k I h • I h • I h I 
0 0.1 10 100 
Concentration of Ro-32-0432 (|jM)  
N= 28 5 6 8 
Kruskal-Wallis non-parametric ANOVA test 
CHAPTER 4 EFFECTS OF PKC MODULATIONS ON AXON ROUTING 
Figure 4.8 
Ro-32-0432 has no effects on axon divergence at El5. A-B: Retinal axons in-
growing the optic chiasm from the left eye (on the right of the images) is visualized 
with Dil. After a 5-hour culture, the patterns of axon routing in the ventral 
diencephalon of El5 brain slice preparations were observed and captured using 
confocal microscopy, and analyzed with the MetaMorph software. All micrographs 
present the ventral view and anterior [A] is up. The arrows point to the midline of the 
chiasm. A: Confocal micrograph displaying the axon divergence pattern at the El5 
chiasm midline in control preparation. B: The axon routing after treatment with Ro-
32-0432 10 jxM, as indicated, that was added to the medium prior to culture. Scale 
bars, A-B, 200 |im. OS, optic stalk; OT, optic tract. 
Quantitative measurements of axons in the optic tracts of El5 brain slices 
after Ro-32-0432 treatment. C: Statistical comparison of the ratio of ‘uncrossed to 
crossed axons' was performed between the treated group and the control. D: Pixel 
intensity measurements of crossed and uncrossed axons in treatment and control 
groups were compared respectively. Statistic analyses were performed using Mann-
Whitney non-parametric test. Data are mean 士 SEM (standard error of mean, error 
bars). 
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CHAPTER 5 
GENERAL CONCLUSION 
This thesis has examined the possible contribution of PKC in the guidance of 
RGC axons in the optic chiasm of the mouse retinofugal pathway during 
development. Emphasis has been placed particularly on the involvement of PKC in 
the intracellular signaling pathway of retinal growth cones in the inhibitory response 
to the chemorepulsive molecule CSPG. 
In the first study, expression patterns of various PKC isoforms have been 
characterized in El 4 retinal growth cones in vitro. Results from 
immunocytochemistry confirm existence of the six isoforms tested, with each 
isozyme locating differently and of diverse magnitudes within the growth cones. 
Among them, PKC isoforms a, |3I and s are present with the highest intensities, a and 
8 predominantly locate at the outer region of the growth cone in the filopodia, while 
31 in the inner core region. The other three isozymes (311, y and 6 show expression at 
lower degrees. Localization pattern of PKC-5 demonstrates much resemblance to that 
of a and s isoforms. PKC-(3II, which mainly localizes in the growth cone core, and y, 
which expresses uniformity throughout the growth cones, display a punctuate 
appearance that is observable in all pil-immimostained growth cones and some 
y-immunostained ones. There seems to be no definite relationship of the localization 
pattern and expression intensity to the subgroup of PKC isoforms. While 5 and s in 
the novel group are colocalized prevailingly in the filopodia, a considerable large 
disparity exists between their expression strengths. Variation among members within 
the same group is illustrated more clearly in the conventional group; there is the 
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highly expressed and specifically localized a and pi, yet at the same time pll and y 
give low intensities with y generally situated. Nevertheless, apart from this, the 
presence of PKC isoforms in retinal growth cones suggests their possible 
participation in the signal transduction mechanism of growth cones and may account 
for the response ofRGC axons to inhibitory effects of CSPG. 
Experiments in the study that followed then go on to investigate the roles played 
by PKC in the CS-induced inhibition of retinal neurites in culture. Neurite outgrowth, 
upon modulation of PKC activity, from DN and VT explants is analyzed separately 
to deduce the function of PKC in the selective inhibition of VT neurites to a CS 
contact. Results indicate that PKC actively takes part in the inhibition of CS in a 
specific way. Alterations of PKC activity bring about differential responses of 
neurites from the two retinal regions upon encountering CS. Out of the three PKC 
modulators tried, only the inhibitors Go6976 and Ro-32-0432 successfully render the 
neurite behaviors to change. More precisely, these inhibitors generate a significant 
increase in the amount of VT neurites entering the once forbidden CS rich territory. 
This behavioral shift is exclusively restricted to VT neurites but does not affect 
neurites from the DN region, which coincides with the selective action of CS 
inhibition. In contrast, PKC activator PMA fails to produce any significant changes 
to neurites growing from DN and VT explants. VT neurites continue to be selectively 
inhibited by CS even after activation of PKC. Thus, only the inhibition of PKC 
activity can release the VT neurites from the outgrowth inhibition induced by CS. 
This suggests that PKC takes an activated form in the retinal growth cones during 
axon navigation. Because of its state, neurite behaviors can only be modified by 
inhibiting PKC and not by further activating it. The findings in this study effectively 
demonstrate the direct involvement of PKC in the meditation of inhibitory response 
105 
CHAPTER 5 GENERAL CONCLUSION 
of retinal axons to CS. 
Results in the previous chapter have been found in the retinal explant culture, 
which neglects the presence of other cells and molecules from the in vitro 
environment. In the last study, the effects of PKC modulation have been inspected 
together with these influential components of the retinofugal pathway. Changes in 
axon routings in El3 to El5 optic chiasm after alterations of PKC activity are 
observed in brain slice preparations under confocal microscopy. The results from this 
study further strengthen the claim of PKC's participation in the axon guidance 
mechanisms of retinal axons, especially of its role in the CSPGs-dominant chiasm 
midline. At El3, the axon decussation pattern is severely affected by treatments of 
PKC modulators. A significant elevation in the ratio of postmidline to premidline 
axons is noted when inhibitor Ro-32-0432 is added, which is also resembled by the 
inhibitory action of Go6976. While PMA does not create any significant differences 
in terms of the axon crossing ratio, abnormal patterns of axon routing at the 
premidline region is spotted, where these retinal axons project aberrantly into 
inappropriate regions at the anterior part of the ventral diencephalon. However, none 
of the PKC modulators tested produce noteworthy variations to the axon divergence 
pattern in E14 and El5 brain slices. All of them come short in altering the ratio of 
'uncrossed to crossed axons', which act as an indicator of deviations in the diverging 
axonal components. The discrepancy of brain slice results to those in the retinal 
explant culture suggests the simultaneous alteration of PKC activity and the 
involvement of this family of kinases in the multiple signaling mechanisms in other 
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